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CHAPTER 


Introduction 


MORPHOLOGICAL  FEATURES  OF  THE  SMALL  INTESTINE 

riiere  are  a  number  ol  unitjne  morpliological  features  in  the  small 
intestine.  An  imjjortant  aspect  ol  the  structure  ol  this  organ  is  tlie  special 
means  ol  enoi  inously  increasing  the  ejhthelial  surface  area  lor  absorj)tion. 
Figure  1  shows  the  three  diHerent  modifications  ol  a  simj)le  cylinder 
wliicli  jjermit  just  such  au  increase  ol  surface  area.  It  is  estimated  that 
tlie  surface  area  may  lie  iiuieased  six  hundred  lokl  by  the  unique  mor- 
phological  nuxlifications  ol  the  digestive  tulje. 

1  he  folds  ol  Kerkring  or  vahnilae  conuivcjites  are  folds  ol  nuuosa 
found  in  the  human  small  intestine.  The  folds  are  most  jiiominent  in 
the  duodenum  and  uj)j>er  jejunum  l)ut  coniinue  into  the  ileum. 

I  he  v  illi  ol  the  small  intestine  are  U  ng.  finger-like  ])ro(esses  from 
d..a  to  1.5  mm.  in  length  which  project  into  the  lumen.  Figure  2  shows 
the  ajjpearance  ol  the  villi  in  a  sj^etimen  of  noiinal  human  jejunum 
obtained  by  bioj«y.  The  villi  are  lined  with  two  cell  tyj>es:  the  columnar 
absorbing  cell  and  the  goblet,  or  mncus-secreting  cell.  Between  the 
bases  (if  the  villi  are  glaiullike  structures  about  -400  n  long  called  the 
Cl  V pts  ol  Liebei  kilim.  ,\s  will  lie  indicated  later,  the  cryj)t  region  is 
largely  generative  in  function.  I  here  are,  however,  secretory  cells,  the 
aigcntaffmc  cells  and  Paneth  cells,  which  j^roduce  and  jirobably  secrete 
some  ]>roclucts  the  identity  of  which  is  still  largely  unknown.  Villi  con- 
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AREA  OF 
SIMPLE 
CYLINDER 


FOLDS  OF 
KERKRING 

(valvulae 

conniventes) 


VILLI 


MICROVILLI 


STRUCTURE 


INCREASE  IN 
SURFACE 
AREA 

(relotive  to 
cylinder) 


I 


SURFACE 
AREA 
(sq.  cm.) 


3,300 


3  10,000 


30  100,000 


600  2,000,000 


Figure  1.  Ihiee  mcchanisins  for  increasing  surface  area  of  the  small  intestine. 
Length  of  human  small  intestine  obtained  from  Hirsch  et  al.,28  radius  from  (iiay.^^ 
The  increase  in  sin  face  area  due  to  folds  of  Kerkring  is  an  estimate  of  the  anthoi. 
Increase  in  area  due  to  villi  estimated  as  8  in  rat  and  pigeon  hy  \'ei/ar.55  Increase  in 
area  due  to  microvilli  in  the  mouse  was  estimated  as  14  by  Zettercjvist^tt  and  in  the  rat 
as  24  by  Palay  and  Karlin.-*s 


tain  sirantls  ol  smooth  imtscle,  parallel  with  the  long  axis.  These  muscle 
strands  are  jirohably  res|>onsible  for  the  j)umping  action  of  the  villi, 
which  is  im|>ortant  in  absorption  of  substances  by  the  lymphatic  route 
(see  the  discussion  by  \'er/ar^^). 

An  outline  of  the  nitra-sti  ut  tine  of  the  ctjliimnar  alisoi  bing  cell  is 
gi\en  in  Tigure  The  luminal  border  of  the  cell  is  linetl  with  huger- 
like  projections  (mitroxilli)  about  I  /c  ‘Oul  0.1  /x  wide. 

Zettercjvist^^  found  about  hOO  microvilli  jier  tell  and  50, OOO, ()()()  per 
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s(|uare  millimeter  of  intestinal  snrtace  in  the  mouse.  A  high  magnifica¬ 
tion  of  these  structures  in  the  rat  is  given  in  Figure  4.  Below  the  micro¬ 
villi  is  an  area  called  the  terminal  web,  containing  a  mesh  of  thin  fila¬ 
ments.  The  apical  cytoplasm  of  the  cell  contains  considerable  numbers 
of  rod-sha|>ed  mitochondria  oriented  j^arallel  to  the  long  axis  of  the  cell. 
The  Golgi  ajjparatus  is  cjuite  well-de\ eloped,  esjjecially  in  the  cells  of 
the  crypts.  7' wo  tyj^es  of  endoplasmic  reticulum  are  found  in  these  cells: 
agranular  reticulum  (smooth  surface  E.R.)  and  granular  reticulum  (mem¬ 
branes  studded  with  i  ibonucleoprotein  particles).  Agranular  reticulum 
is  seen  mainly  in  the  apical  cytoplasm,  usually  as  small  vesicles  30 
in  diameter.^®  In  the  sujnanuclear  region  of  the  cell  is  granidar  reticu¬ 
lum,  which  accounts  for  the  basojihilia  seen  with  light  microscopy.  I'he 
endojdasmic  reticulum  j)lays  a  jirominent  role  in  fat  absorjition  and 
triglyceride  synthesis,  as  will  be  distussed  in  Gha|)ter  7. 

Blood  caj)illaries  in  the  lamina  jnopria  consist  of  a  single  layer  of 
endothelial  cells  with  a  basement  membrane  below.  Gells  overlap  at 
their  margins  with  adjacent  cells,  as  in  other  tissues.  The  wall  itself  is 
l)erforated  with  fenestrae  20  to  50  ni/x  wide.^  As  with  other  capillaries, 
small  pinocytotic  vesicles  are  |)resent  in  the  cytoj^lasm  of  the  cells. 

Lymphatic  capillaries  can  be  distinguished  from  blood  vessels  by  a 
number  of  characteristics.  7  he  minimal  thickness  ol  the  lynijihatic  is  five 
to  six  times  that  of  a  blood  caj)illary.  Unlike  blood  vessels  there  are  no 
fenestrations  in  the  walls  of  the  lymjjhatic  capillary.  Furthermore,  the 
lymphatic  capillary  lacks  a  basement  membrane. Palay  and  Karlin 
st.ite  that  the  endothelial  cells  of  the  lacteal  are  occasionally  disjointed. 

I  he  resulting  interruption  in  the  coherence  of  the  wall  leaves  a  passage 
of  variable  dimensions  through  which  interstitial  fluid  and  lymjih  may 
communicate.”'*® 


Figure  3.  Schematic  diawiiip  of  columnar  ahsorhiiig  coll.  To  tlie  right  the 
dimensions  are  given  for  I.  ])lasma  memhrane  on  the  free  cell  snrface.  II.  mitochondrial 
membranes.  III.  y-c\ tomend)ranes,  II'.  a-cs tomemhranes  and  jrlasma  membrane  on 
the  cell  snrface  towards  the  space  between  the  bases  of  the  cells.  (Zetterep ist:  Karolinska 
Institntet,  .Aktieholaget  Ciodvil.) 


ROl  Ti:s  OF  Ali.SORFTION  (liloocl  or  Ivmph) 


lioth  the  Iviiiphatic  aiul  hloocl  xasciilai  systems  are  extiemelv  well 
developed  in  the  small  intestine.  Fat  h  \  ilhis  is  pro\  ided  with  a  rich 
network  of  small  \essels  of  both  types.  In  1887  .NfalP'  made  a  careful 
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Figure  4.  Microvilli  of  the  absorptive  cell  of  hamster  small  intestine.  Picture 
taken  hv  Dr.  Klliott  \V.  Strauss.  (Rloom  and  Fawcett:  Histology,  8th  ed.) 


Study  of  l)oth  lyni])liatic  and  lilood  vessels  of  the  intestine.  Fit^uies  .0  and 
h  are  black-and-white  rcjnoductions  of  two  ol  the  orioinal  color  jilates 
from  Mall’s  j^aper. 

Lymphatics 

The  first  observations  c^n  the  lyinjihatic  route  of  absorption  were  ap¬ 
parently  made  in  1627  by  .Vsellius^  who  noted  the  milkiness  of  the  in¬ 
testinal  lymjrhatics  of  a  do_o  followint^  a  fat  meal.  More  recent  studies 
indicate  that  \  irttially  till  absorbed  ti  iglycerides  containing  long-chain 
fatty  acids  ajijiear  in  the  lymph,  liloom  et  al.*’  were  able  to  collect  76 
to  92  ])er  (cnt  ol  absorbed  radioai  t  i\ ity  in  the  lymph  when  (9^-labeled 
palmitic  acid  (in  triglycci  ide)  was  fed  to  rats.  In  another  series  of  experi¬ 
ments,  the  recovery  was  81  to  95  j>cr  cent  in  the  lymjih.’”  ThaikofT  et 
al.’’^  showed  that  94  to  100  j)cr  cent  of  absoibed  diolesterol  appeared 
in  the  thoracic  duct  lymjih  in  the  rat. 

Another  substance  that  is  probably  absorbed  exclusively  bv  the 
lymphatics  is  protein.  Alexander.  Shirley,  and  Allen^  fed  egg  albumin 
to  adidt  dogs  and  measured  unaltered  albumin  by  immunological  meth¬ 
ods  in  the  thoiacic  duct,  portal  blood,  and  systemic  blood.  I  hey  found 
that  egg  albumin  appeared  in  (he  lymph  before  it  a|ipcarcd  in  the 
systemic  blo(Kl  and  nevei  was  detected  in  the  ])ortal  blood.  After  feeding 
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Figure  5.  Blood  vessels  of  the  intestinal  nnirosa  of  the  dog.  (Mall:  Alili.  Sachs, 
(.es.  Wiss.,  14,  1887.) 

hotiiliniun  toxin  to  rabbit.s,  .May  and  W'lialer^-  were  able  to  recover 
most  ol  it  in  tlie  lynij)b.  In  addition,  rontimions  drainajge  ol  the  thoracic 
duct  piovided  partial  protection  Iroin  the  toxemia  lollowing  oial  admin- 
istration  of  the  toxin. 
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6.  Lymphatic  vessels  of  ilie  intestinal  inntosa  of  the  dog  (Nfalh  Ahh 
Sadis.  C,cs.  Wiss.,  /■/,  1887.)  ^  ^ 


Intestinal  absorjnion  of  unaltered  colostnnn  pioteins  occurs  in  the 
newborn  of  a  number  of  species  of  animals  (see  Chapter  10).  I  he  route 
of  this  absorjition  was  studied  by  Comline,  Roberts,  and  I'itcben 
'l  liey  louml  that  in  the  newbo,,,  calf,  ,^amma  globulins  of  the  ingested 
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colostiTuu  were  absorlied  into  tlie  lymphatics  and  not  into  j>oital  blood. 

Why  do  absorbed  proteins,  triglyceritles,  and  cholesterol  find  their 
way  exdnsively  into  the  lymphatic  \essels-'  .V  working  hypothesis  has 
been  suggested  l^y  Laiulis.-*-^  According  to  this  hy}:)othesis  snbstances  ol 
large  molecular  iveight  (e.g.,  protein  molecides  and  lipid  particles),  hal¬ 
lowing  extrusion  Irom  the  epithelial  cell,  crcrss  the  basement  membrane 
into  the  connecti\e  tissue  spaces.  These  snbstances  cannot  enter  the 
blcxjcl  capillaries  at  any  appreciable  rate  because  ol  the  permealiility 
liarrier  ol  the  capillary  basement  membrane.  Kntrance  into  the  lymjjhatic 
capillary,  on  the  other  hand,  is  readily  accomplished  because  cjI  the  lack 
ol  a  basement  membrane  and  the  Irecjiient  sejiarations  ol  endothelial 
cells  residting  Irom  the  continnons  mcjcement  ol  the  tissue  Irom  peris¬ 
talsis  and  the  pinnjhng  action  ol  the  \illi.  Once  within  the  lacteals, 
mo\ement  is  inchiced  by  the  slight  local  hydrostatic  pressure  gradients 
residting  Irom  rhythmic  motion  ol  the  surronncling  tissue. 

1  his  hypothesis  is  based  upon  inlerences  derived  Irom  bcjth  mor- 
j>hological  and  j)hysiological  data.  While  the  cajhllary  endotheliinn  ol 
the  intestine  has  lenestrae  large  enough  to  admit  many  large  molecules, 
the  basement  membrane  must  ellectively  exchide  them  since  jnoteins 
appear  almost  exclusively  in  the  lymphatics.  On  the  other  hand,  the 
endothelial  cells  ol  the  lymphatic  capillaries  must  have  somewhat  larger 
spaces  between  them  than  are  normally  seen  in  osminm-fixetl  tissue,  as 
large  particles  do  in  lact  enter  lymjjhatics  with  ccjnsiclerable  ease.  The 
many  sidistanccs  known  to  enter  lymphatic  capillaries  (inchuling  nucle¬ 
ated  erythrocytes^'-^)  are  disciissed  in  detail  elsewhere.^'* 

Some  conlnsion  exists  in  the  literature  concerning  the  role  ol 
lymphatics  in  fat  absorption  because  ligation  ol  the  thcjracic  duct  has 
little  eliect  on  lipid  absorption.  Furthermore,  the  thoracic  chict  is  not 
essential  lor  lile.  The  exjdanaiion  lor  these  aj)|)arenily  aiujmalons  lacts 
was  established  some  years  ago  by  Tee'*-’  and  others-- who  showed 
that  ligation  ol  the  ihoiacic  duct  results  in  collateral  circidation  either 
to  the  right  lymjdiatic  duct  (which  drains  into  the  right  subclavian  vein) 
or  to  the  lymphatico- venous  connections  between  the  thoracic  duct  and 
the  azygos  vein.  W'hen  the  thoracic  duct  is  intact  these  collaterals  are 
apparently  \ery  small  and  physiologically  unimportant. 

liloocl  Capillaries 

both  the  blood  capillaries  and  lymphatic  vessels  are  Ireely  jK^rmeable 
to  all  small  molecular  weight  c()m|>ouncls  and  lipid-soluble  tc)mj>ouncls 
of  moderate  size.  Tor  such  com|)ounds  the  bhxicl  cajiillaiies  constitute 
the  major  route  ol  absorption  as  a  residi  ol  rapid  bhxxl  How.  'I'his  idea 
was  clearly  stated  by  Hendrix  and  .Sweet  in  l‘>17-^:  “It  is  suggested 
that  the  practicallv  complete  absorption  ol  ptotein  and  c at  bohvdrate  bv 
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the  blood  is  not  due  to  a  selective  resorption,  but  to  the  almost  infinitely 
lart^e  volume  of  blood,  as  compared  to  the  \ohune  ol  lymj^h,  ^^hich  flows 
through  the  walls  ol  the  intestine.” 

Data  are  available  for  a  (juantitaiive  comparison  between  the  flow 
rates  of  blood  and  lympb  in  a  xariety  ol  animals  (I  able  1).  I  he  flow 
rates  on  the  basis  of  body  weight  are  remarkably  similar  in  the  rat,  dog 
and  human.  liollman,  Cain,  and  (irindlayii  found  that  about  80  per 
cent  of  the  thorat  it  duct  lymph  ol  the  rat  was  derixed  Irom  the  intestinal 
tract  and  about  20  per  cent  from  the  lixcr.  The  flow  rates  lor  the  thoracic 
duct,  therefore,  gixc  a  reasonable  estimate  of  intestinal  lymph  flow' 
under  most  conditions.  Blood  flow  in  eadi  case  is  apprc^ximately  aOO  to 
1,000  times  that  of  lymjjh.  If  siuh  compounds  as  glucose  and  amino 
acids  entered  both  tyjx's  of  \essels  with  ecjual  ease  oxer  99  per  cent  xvould 
be  absorbed  through  the  j^ortal  xcin. 


Table  I.  C.oMr.\Ri.so\  lu  run  \  now  raii  oi  Bioor)  and  i  vmpm 


AM  M  AI. 

Fl  ow  RA  FF  (MI.. 

/hr./kc..) 

RATIO 

BI  OOD''l.XMPH 

rORTAI  XFIN 

TIIORACir.  DCCT 

Rat  (fed) 

2.250 

4.4 

500 

(fasted) 

1,700 

2.6 

650 

Dog 

1,280 

2 

600 

Mail 

1.200 

1-2 

600-1.200 

lor  ilic  ral:  portal  xein  data  taken  front  Reiningcr  and  Sapirstcin.^O  tlie  thoracic 
duct  data  fiftin  Rcinliaidt  and  Bloom, -i!)  and  Bollman  ct  al.n  P'or  the  dog:  portal 
xein  data  from  Blalock  and  Mason"  and  thoracic  duel  data  averaged  from  ten  atithors 
snmtnari/cd  by  ^  olfey  and  Tom  t ice. 5"  Foi  man:  portal  vein  flow  taken  as  80  per  cent 
of  the  hejtatic  blood  flow  as  measured  by  Bradlev  et  al.*'^  and  thoracic  duct  data 
snmmari/cd  bv  V  olley  and  Cotirtice.^^ 


I'.flect  of  lecding  on  Flow  Rates  ol  Blood  and  Lvmph 

It  has  long  been  thought  that  during  meals  there  is  a  redistribution 
of  blood  Irom  various  jtarts  ol  the  body  to  the  intestines.  The  experi¬ 
mental  evidence  in  the  rat.'^®  dog-"  and  maid^  indicates  that  there 
is  only  about  a  .SO  per  cent  increase  in  blood  flow  through  the  splanchnic 
area  lollowing  a  meal.  Reininger  and  Saju’rstein'’®  have  shown  that  in 
the  rat  the  blood  flow  to  many  regions  of  the  bcxly  increases  following 
a  meal  and  that  the  increase  in  the  splanchnic  area  is  no  greater  than 
that  found  in  the  other  regions  of  the  body. 

There  is,  however,  a  distinct  increase  in  lymjdi  flow  after  a  meal. 
Coffey  and  Courtice®^  have  reviewed  the  factors  that  increase  lymph 
flow  in  dilfeient  animals.  Lipids  and  some  solutions,  especially  1  per  cent 
XaCl  solutions,  greatly  stimulate  lymph  production.  It  should  be  noted, 
however,  that  even  with  a  five-  to  tenfold  increase  in  lvmph  flow',  the 
rate  of  portal  blood  flow  will  still  be  two  orders  of  magnitude  greater. 
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SOME  OUANTITATIVE  ASPECTS  OF  INTESTINAL 

ABSORPTION 

It  seems  aj>propriate  in  an  introductory  cliapter  to  point  out  the 
enormous  diflerences  in  tlie  rate  of  absorption  of  different  substances. 
I  able  2  sliows  the  estimated  capacity  of  the  human  intestine  to  absorb 
a  .series  of  substances.  In  those  cases  in  which  the  cajiacity  of  the  intestine 
greatly  exceeds  the  normal  demand  placed  upon  it,  a  number  of  assump¬ 
tions  have  been  made  in  the  calcidation.  It  is  clear  that  there  are  pro¬ 
digious  differences  in  the  rate  of  absorjnion  even  if  there  is  an  error  of 
as  much  as  an  order  of  magnitude  in  a  few  of  the  estimates.  The  capacity 
of  the  intestine  to  absorb  water  molecules  is  approximately  12  orders 
of  magnitude  greater  than  its  capacity  to  absorb  vitamin  B12.  The  absorp¬ 
tion  rate  of  this  vitamin  in  an  untreated  case  of  pernicious  anemia  is 
probably  about  1/100  that  given  in  the  table  for  normal  individuals. 
From  this  it  is  clear  that  such  terms  as  “poorly  absorbed”  and  “well 
absorbed”  are  meaningless  without  some  fpiantitative  cjualification. 


Table  2.  Compari.son  of  transport  capacitv  for  difffrf.nt  nutrifnts 


Sl'BSTANCE 

ABSORPTIVE  CAPACITY  IN 

MAN  PER  DAY 

f.R. 

mM. 

\Vater 

18,000 

1 .000,000 

Glucose 

3,000 

20,000 

.\mino  acids 

000 

5,000 

Triglycerides 

700 

900 

Cholesterol 

4 

10 

Iron 

0.012 

0.2 

\'itamin  Bj., 

0.000001 

0.000001 

Water:  Borgstiom  et  al.l2  found  500  ml.  test  meal  diluted  to  1.500  to  2, .500  in 
duodenum  and  mostly  re.sorbed  at  the  level  of  the  midgut.  This  amounted  to  absorption 
of  about  1,500  ml.  in  4  hours  in  one  half  of  the  intestine.  This  value  was  multiplied 
bv  12  to  obtain  the  value  in  the  tal)le.  (ducose:  250  mg.  glucose  fed  to  human  snh 
jects2fi  is  probably  completely  absorbed  in  three  to  four  hours  and  probably  onlv 
in  the  first  half  of  the  gut.  .\mino  acids:  Borgstiom  et  al.i2  found  25  gm.  protein 
completely  absorbed  in  upper  quarter  of  gut  in  four  hours.  .Average  mole  weight  taken 
as  about  120.  Triglycerides:  30  gm.  corn  oil  absorbed  in  upper  quarter  of  gut  in  foui 
hours.i2  Iron:  of  100  mg.  dose,  12  mg.  absorbed.5-1  A'itamin  Bjgt  Bj2  absorbing  mecha 
nism  is  saturated  about  1. 5^.22  It  should  be  emphasized  that  these  calculations  are 
extremely  rough  approximations  because  of  the  many  assumptions  which  must  be  made. 


There  are  also  wide  differences  in  the  efficiency  with  which  the 
intestine  absorbs  the  substances  ingested  in  the  diet.  Under  normal  con¬ 
ditions  the  usual  tjuantities  of  ingested  water,  glucose,  amino  acids,  and 
triglyceride  are  95  to  100  jier  cent  absorbed.  On  the  other  hand,  most 
diets  contain  more  di-  and  trivalcnt  anions  and  cations  than  can  be 
absorbed  by  the  intestine. 
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TURNOVER  Of  INTESTINAL  EPITHELIUM 

It  was  once  tliouglit  that  tlie  large  nmnber  ol  mitoses  seen  in  the 
tTy]>ts  ol  Lieberkiihn  represented  tlie  jnocluction  ol  new  cells  necessary 
to  replace  the  damaged  cells  ol  the  \illi  injured  mechanically  by  the 
moxement  ol  lood  down  the  intestinal  tract.  J.eblond  and  SteNens'^'^ 
reiiuestigatetl  this  (jnestion  in  1918  and  lonnd  that  mitotic  activity  was 
the  same  with  or  without  lood  in  the  lumen  ol  the  intestine  and  jx;r- 
sisted  lor  at  least  live  days  ol  complete  lasting.  I'hey  proposed  that  new 
cell  lormation  was  not  a  repair  phenomenon  but  a  normal  physiological 
process  ol  cell  renewal,  coujiled  ^\’ith  cell  e.xtrusion. 

.\n  imjjortant  experiment  was  perlormed  by  Friedman,-^  who  lound 
that  goblet  cells  in  the  crypts,  swollen  with  low  doses  ol  x-rays,  migrated 
iij>  the  sides  ol  the  villi.  Leblond,  Stevens,  and  Bogoroch^'  injected  a 
single  dose  ol  radioactive  inorganic  phosj^hate  into  animals  and  lound 
that  the  nuclei  ol  the  dixiding  cells  ol  the  crypts  became  radioactive 
in  two  hours.  .\s  the  blood  level  ol  radioactive  j^hosphate  quickly  lell  to 
low  lexels  the  subsequent  groups  ol  dixiding  cells  in  the  crypts  xvere 
nonradioactixe.  1  he  group  ol  cells  labeled  immediately  alter  the  injec¬ 
tion  coidd  then  be  lolloxved  by  autoratliographic  methods.  .Alter  18  to 
24  horns  these  labeled  cells  xvere  lound  on  the  sides  ol  the  xilli,  at  36 


r/P  OF  VILLUS 


^  'V.- 

I 


l^lfS- 

(HBIOHT  OF  LABBCLBO  CBi 


k 


t  . 


•2  H/tS. 


C HBIOHT  OF 
LABELLED  CELLS) 


BASBK4ESIT  f^EMBRANB 

Figure  7.  DiaRrani  of  autoradiograph  of  intestinal  mucosa  of  a  rat  following  a 
single  injection  of  labeled  thymidine.  Radioactivity  is  confined  to  the  crypt  region 
-  boms  altci  the  injection  but  approaches  the  tip  of  tlie  xilliis  after  23  bonis.  (I^ran 
and  Altbaiisen;  [.  Iliopbys.  .'y  Hiocliein.  C.ytol.,  7,  Ibfid.) 
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lioiiis  at  the  lips  ot  the  villi,  and  laler  lost  into  the  hnnen.  These  ohsei  va- 
tions  ha\e  been  repeated  with  a  variety  ol  labeled  coinponnds  (see 
Teblond  and  Walker'**  lor  a  review).  The  use  ot  tritiated  thymidine 
has  become  the  method  ot  choice  as  it  sjiecifically  labels  the  DXA  ot 
the  nuclei  and  is  especially  suitable  tor  gootl  resolution  on  antoradio- 
grajihs.  Tignre  7  shows  the  general  method  employed,  d'he  turnover  time 
tor  the  epilheliinn  ot  the  rat,  cat,  mouse,  and  man  is  gi\en  in  I’able  3. 


Table 

Turnover  time*  of 

I N  r  ESn  N  A  I.  F  PI  TlI  ELI  U  .M 

ARIA 

SPECIES 

TURNOVER  TIME 

(days) 

AUTHORS 

Duodenum 

Rat 

1.6 

Lebloud  and  Stevens'^6 

Cat 

2.3 

.Mc.MimD3 

Man 

1.8 

llertalanify  and  Nag)*> 

Jejunum 

Rat 

1.4 

W'idner,  Storer,  and  l.ushhaughjs 

Mouse 

1.8 

Rnowlton  and  Widner^- 

Ileum 

Rat 

1.4 

Lebloud  and  Stevens'^6 

Cat 

2.8 

.Mc.MiniD^ 

*  I  he  time 

taken  lor  the 

replacement  of  the 

number  of  cells  ecpial  to  that  in  the 

total  population. 


Tiirther  sitjiport  tor  the  cell  turnoNer  hy]iothesis  comes  trom  a  study 
ot  Hooper.-**  Isolated  closed  loojis  ot  rat  ileum  were  loitnd  to  (ill  rapidly 
with  destpiamated  epithelial  cells  and  niitcns.  Since  no  tood  passed 
throngh  the  loop,  the  layer  ot  mncns  and  cells  was  undisturbed,  .\tter 
two  days  a  colnmn  ot  destpiamated  ejiithelial  cells  was  loitnd  immediately 
above  each  villus.  The  cells  nearest  the  tip  ot  the  vilhts  looked  most 
nearly  like  intact  cells,  while  cells  titrther  into  the  hnnen  were  more 
attloly/.ed.  The  histologital  a])pearance  ot  the  “extritsion  /one”  and  the 
ajipearance  ot  extruded  cells  above  the  villi  strongly  suggest  that  cells 
are  lost  trom  the  epithelium  at  the  ti]>s  ot  the  villi. 

Desipiamated  ejiilhelial  cells  in  the  hnnen  ot  the  intestine  are  re¬ 
sponsible  tor  many  ot  the  en/ymes  tonnd  tree  in  the  intestinal  iraci. 
Alkaline  jihosphatasc,  invertase,  lactase  (/^-galactosidase),  jiejiiidase,  and 
other  en/ymes  in  the  lumen  are  undoubtedly  derived  Irom  cell  ilebris. 
What  was  once  dignified  by  the  name  succiis  entericus  is  probably  no 
more  than  a  mixture  ot  mucus,  desipiamated  epithelium,  and  a  small 
amount  ot  fluid.  Targe  \ohimes  ot  intestinal  llnid  can  be  obtained  trom 
Thirv-V'ella  loops  only  in  response  to  meihanical  stinuilaiion.  Tefilond 
and  Walker**  have  calculated  that  it  the  data  on  cell  renewal  ofitained 
from  the  rat  were  aj)|dicai)le  to  man  (which  is  probably  the  lase®).  the 
mass  ot  (ells  released  daily  trom  the  entire  gasirointestinal  tract  would 
weigh  afjont  2r)0  gm.  'This  would  make  a  significant  contribution  to  the 


INTRODUCTION 


13 


absoijitive  load,  as  iliesc  cells  must  be  digested  and  the  sidit  products 
absorbed  in  the  same  manner  as  ingested  food. 

Ajijiarently  the  late  ol  cell  prolileration  in  the  crypts  and  the  rate 
of  extrusion  can  be  vai  ied  independently. J  bus,  starvation  appears 
to  iiu lease  extrusion  while  x-irradiation  or  colchicine  leads  to  a  reduc¬ 
tion  in  jirolileration.  Intestinal  resection  results  in  increased  turnover.^” 
Some  of  these  factors  are  disdissed  in  recent  reviews.'*^' 


MATl'RATION  OF  EPITHELIAL  (  ELLS  OF  THE 

SMALL  INTESTINE 


Since  the  time  se(|uence  for  the  progression  of  new  cells  from  the 
crypts  up  the  sides  of  the  villi  is  knotvn,  a  rough  estimate  of  the  age 
of  any  gi\en  cell  can  be  obtained.  When  one  tests  the  enzymatic  or  trans¬ 
port  machinery  of  epithelial  cells  a  gradation  in  activity  along  the  villus 
is  usually  obtained.  Some  actixities  are  greatest  in  the  cells  of  the  crypt 
while  others  are  more  developed  at  the  tips  of  the  villi. 

It  might  be  expected  that  the  rapidly  dixiding  cells  in  the  crypts 


I'asophilia.  Section  stained  xvith  eosin-met 
,  "''■  ^P>"iclial  lining  of  the  crypts  shoxvs  a  pronounced  cvtoplasi 

(Luia,  r  as  tlie  cells  migrate  toward  the  tip  of  thi  vill 

ft  cui\kula  el  al.;  (.asiroenterologv,  -10,  1%!,) 
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possess  c()nsicleial)le  })ioteiii  synthetic  activity.  Padyknla  et  al.’^  ha\e 
shown  (Kit»ine  8)  tliat  the  basophilia  ol  cells  in  the  crypts  is  nuich  more 
prominent  than  that  ol  the  villi.  4'heir  basophilia  is  associated  with 
endo[)lasmic  reticulum,  which  plays  an  integral  part  in  protein  synthesis. 
S'^'^-labeled  methionine,  when  injected  into  an  animal,  raj)idly  appears 
in  the  cells  ol  the  cryj)ts,*’ with  only  a  little  being  found  on  the  villi. 

Most  ol  the  hydrolytic  en/ymes  associated  with  the  uni(]ue  digestive 
function  ol  intestinal  e|)ithelium  develoj)  during  the  cells’  migration 
up  the  villi,  lor  many  are  absent  in  the  trypts.  Figure  9  shows  the  dis¬ 
tribution  ol  esterase  in  the  \illi  ol  normal  human  jejunal  mucosa.  I  herc 
a|)pears  to  be  a  rather  sharp  line  of  demarcation  between  the  villi  and 
crypts,  with  the  latter  showing  virtually  no  acti\ity.  4’his  distribution  is 
also  seen  with  alkaline  phosjdiatase,'*®  leucine  amino  peptidase'*®  and 
1  Pase.^'  It  might  be  anticipated  that  succinic  dehydrogenase,  an 
enzyme  associated  with  mitochondria,  might  be  more  active  in  the  cells 
of  the  villi  than  those  in  the  cryjns*®-^"  (Figure  10).  Fhe  histochemistry 
of  other  en/ymes  ol  the  gastrointestinal  mucosa  has  recently  been  reviewed 
by  Shnitka.®® 


Figure  9.  Distrihiitioti  of  esterase  in  human  jejunal  mucosa.  \'ery  strong  ester.isc 
activity  on  sides  and  tips  of  villi.  Note  the  fairly  ahrupt  increase  in  en/vme  activity 
as  the  cells  i)a.ss  from  crypt  to  villus.  X  200.  (Padykula  et  ah;  (h.stroentcrologv.  W. 
1961.) 
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Figure  10.  Distribution  of  succinic  (iehvdrogenase  in  human  jejunal  mucosa. 
Strong  activity  is  found  on  tlie  villi  and  in  a  few  cells  at  the  base  of  the  crvpts  (prob¬ 
ably  Panetb  and  argeutafline  cells).  X  100.  ( Padykula  et  ah:  (iastroenterology,  -fO,  1961.) 


Kiiiter”  lia.s  foiiiul  that  wlien  everted  sacs  of  hamster  intestine 
weie  intubated  with  iadioacti\e  sugars  and  amino  acids  tor  a  minute 
oi  less,  tlie  epitlielial  cells  at  the  tips  of  the  \illi  acciimulatetl  these  com- 
potmds  to  a  considerable  degree,  while  little  accimmlation  was  observed  in 


cells  at  the  base  of  the  villi  (Figure  11).  d  he  unetpial  distribution  does 
not  appear  to  be  the  result  of  poor  contact  between  the  medium  and  the 
tells  at  the  base  ol  the  villi,  as  similar  pictures  were  obtained  with  much 
longer  incubation  periods  (10  to  •10  minutes).  It  was  inferred  from  such 
studies  that  the  transport  capacity  of  the  intestinal  epithelium  at  the 
ti}>s  of  the  villi  is  greater  than  that  further  down  their  sides. 

Ibere  is  histochemical  evidence  that  some  of  the  hydrolytic  enzymes, 
such  as  alkaline  jihosjdiatase,  are  localized  at  the  brush  border  of  the 
ejiithehal  cell.  Johnson  and  Kugler'"  iwesented  histochemical  evidence 
ol  a  bilaimnar  distribution  of  this  enzyme,  the  most  prominent  band 
being  m  the  area  of  the  microvilli.  .A  recent  observation  on  the  kidnev 
in  nde.  which  also  contains  this  enzyme,  may  be  relevant.  Mblbert  et 
al.  have  developed  a  method  for  demonstrating  jihosphate  activity 
with  the  electron  imcrosi c>,>e  and  found  an  ecp.al  amount  of  activity 
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I - IIOOm 

Figure  11.  Distribution  of  methionine  transjjort  activity  in  hamster  jejunum. 
Kverted  sac  of  hamster  jejunum  incubated  30  seconds  in  the  presence  of  Ci4.1al)eled ' 
metitionine,  frozen  in  isopentane  at  — 1()0°C.  and  sectioned  in  a  cryostat.  .Alternate 
sections  were  stained  witli  hematoxylin-eosin  (left)  and  exposed  to  photographic  lilmi 
(right).  (Kinter:  in  Proc.  Pith  .Ann.  Clonf.  Nephrotic  Syndrome.) 


along  the  entire  cell  ineinhrane  —  nii(ro\illi,  lateral  inargins,  anti  basal 
infoklings.  II  this  were  also  true  ol  the  intestinal  epitheliuni,  the  highi 

concentration  ol  the  enzvnte  in  the  brush  border  would  be  due  to  the 

/ 

great  concentration  ol  cell  inenihiane  (tlue  to  niicro\illi)  in  this  regioni 
ol  the  cell.  A  similar  lotalization  ol  tiaiisjjort  activity  in  the  microvilli i 
has  been  inlei  tetl  Irom  autoi adiograjihic  studies  ol  sugar  and  amino  acid 
ti  ansport.^^  11  these  inlei  ent  es  ai  e  cot  ret  t,  the  jdasma  membrane  ol  the 
alisorptive  cell  must  lie  a  tlynamit  luiutional  unit  ol  the  cell  tontaining, 
a  wide  spectrum  ol  hytholyiit  en/ymes  jilus  the  madiinery  lor  many 
sjiecialized  transjjoit  processes. 

The  absorjitive  cells  in  the  u|ij>ei  and  lowet  legions  ol  the  small 
intestine  are  similar  in  apjjearance  although  they  possess  dillerent  lunc- 
tional  capacities.  .\n  extremely  intriguing  (piestion,  still  laigely  unan¬ 
swered,  is  that  ol  the  mot  jihological  basis  lot  these  dillereiues.  .\lthough  i 
some  ol  the  trans|)oit  protesses,  such  as  those  involving  membrane 
tarriers,  may  be  impossible  to  study  histologit  ally,  others  may  be  lollowed 
direttly  or  imliiedly  by  mot  phologit  al  methods.  II  transport  is  intimately; 
associated  with  sjiecilic  en/ymatic  leactions.  histoc hcmical  studies  wouUM 
be  valuable:  il  a  membrane  alteiation  (such  as  pinocytosis)  is  involved!! 
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in  absorption,  definite  morphological  changes  should  be  found  with 
the  electron  microscope.  As  the  new  technicjues  ol  histochemistry,  electron 
microscopy,  and  autoradiography  arc  applied  to  this  problem  of  the 
correlation  bciween  structure  and  function,  some  imj>ortant  answers 
to  the  (juestion  will  undoubtedly  emerge. 
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HISTORICAL 

T  he  history  ol  llie  tlevelopnieiu  ol  tethnicjues  lor  the  study  of  intes¬ 
tinal  absorption  reflects  the  history  of  medical  sciences.  Observations  ini 
the  seventeendt  and  eighteenth  centinies  on  gross  morphology  indicated 
that  the  cloudy  apjjcarance  of  the  lymphatics  residted  from  abscjrption  ofl 
fat  (see  review  cif  Gage  and  Fish-*"*).  T  his  was  confirmed  and  considerably 
extended  in  the  nineteenth  century  by  histological  studies  of  the  intestinal  I 
epithelium  unclei  various  conditions.  Serious  physiological  investigation! 
of  absor]Jtion  developed  slowly  during  the  last  century.  Xinety-eight  yearsi 
ago  Fhiry*^®  created  a  new  era  in  physiological  investigation  by  the 
description  of  a  surgically  prepared  intestinal  fistula  which  permittecll 
ipiantitative  experiments  on  absorption  in  an  unanestheti/ed  animal., 
I  bis  novel  method  was  dexeloped  in  the  physiological  laboratory  ofl 
Ludwig  in  V'ienna,  one  of  the  world  centers  of  physiology  at  the  time., 
.Although  c|uantitati\e  methods  began  to  be  applied  to  this  problem,, 
insight  into  the  mechanisms  of  absorption  had  to  await  the  advances! 
in  organic  chemistry,  physical  chemistry,  and  enzymology  which  came 
in  great  profusion  during  the  latter  half  of  the  nineteenth  century.  With 
these  advances  came  further  expei  imentation  and  controversy  about  the 
extent  to  which  absorption  could  be  explained  by  the  laws  of  simple 
diffusion.  Reid,  I  leidenhain.  and  Gohnheim  belie\ecl  that  diffusion 
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toiilcl  not  exjjlain  absoi jition,  iliat  olhei  lorces  (“j>liysiol(>gical  activity  ) 
must  be  involvetl.  Oii  the  other  liaiicl,  Hbber,  aiul  later  (»okIschmiclt, 
believed  that  osmosis  could  explain  most  phenomena  ol  absorj^tion.  I  o 
support  their  contentions  these  workers  developed  mote  refined  anti 
ingenious  methods  ol  investigation.  Caninulation  ol  intestinal  lymj)hatics 
and  portal  vein  hel|X‘d  to  decitle  the  route  ol  absorjHion  ol  various  sub¬ 
stances.  Cori^2  introtluced  (juantitative  methods  lor  study  in  small  animals 
and  Ildber^^  and  Ver/ar-*-*  imj^roved  the  “loojj”  method  in  anestheti/etl 
animals. 

The  recent  invasion  ol  cellular  physiology  by  biochemically  oriented 
investigators  is  illustrated  by  the  fact  that  a  number  of  the  modern  in 
vitro  methotls  were  tlevelopetl  in,  or  in  collaboration  with,  departments 
of  biochemistry.  The  first  well-o.xygenated  in  vitro  jjreparation  was  de¬ 
veloped  by  Fisher  and  Parsons'^-  in  the  biochemistry  department  at 
(Oxford.  The  tissue  accumulation  method  was  biochemically  in¬ 
spired.^- 

A  powerful,  new  tool  for  the  study  of  absorjjtion  is  the  electron  micro- 
scoj>e.  .\sj3ects  of  absorption  associated  with  morj:>hological  changes  such 
as  lipid®®  and  protein^"  absorption  have  been  re-examined  in  recent 
years  and  greater  insight  has  been  gained  into  the  cellular  changes  that 
occur  timing  absorption. 


/iV  VIVO  AfETHODS 


Permanent  Intestinal  Fistula 

In  1864  1  hiry®®  described  a  method  of  surgically  prej>aring  a  blintl 
looj.)  of  intestine,  open  at  one  end  onto  the  abdominal  wall.  A  test  solu¬ 
tion  could  reatlily  be  introtluced  into  the  loop  and  samples  withdrawn 
at  any  time  lor  analysis,  figure  12  shows  a  repitKluctittn  of  the  original 
engtaving  in  'Fhiry’s  jjaper. 

'Fwenty-four  years  later,  Vella®i  in  Kologna  motlilietl  the  'Fhiry 
fistula  to  allow  both  ends  ol  the  isolatetl  intestine  to  ojx'ii  t)nto  the 
abtlominal  wall  (figine  1.^).  Such  a  jjrej)aration  allowetl  simplilietl  rins¬ 
ing  of  the  loop  ami  jx^rmitted  intKxluction  of  test  solutions  at  one  end 
and  collection  at  the  other.  In  adtlition,  Vella  used  the  fistula  techniciue 
for  the  cecum  and  colon. ®- 

I  he  primary  jiroblem  with  these  two  methods  was  the  difficulty 
in  preventing  leakage  of  solutions  from  the  fistula.  In  an  attempt  to 
overcome  this  disadvantage,  (dnnilewski®®  placed  rubber  balloons  in 
both  ends  ol  a  1  hiry-Wlla  fistula,  i  his  general  proceilure  was  usetl  by 
Nagano®'  and  White  and  Rabinowitch.®®  .A  balloon  placed  within 
the  loop,  however,  tends  to  be  drawn  in  or  expelled  by  peristalsis  and 
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Figure  12.  I  liiry  loop.  .Small  ciul  of  the  i.solaled  loop  in  the  foreground  (lower 
panel)  i.s  in  the  piotes.s  of  being  dosed,  the  opposite  end  being  attached  to  an  o|)ening 
in  the  abdominal  wall.  (  I  hiiy;  Sit/,  d.  .\kad.  Wien,  Math,  .\atnr.  KI.  I.  ‘>0,  I8(il.) 

the  .system  olteii  leaks.  In  19-12  folinston^'’  tlesdibetl  a  moclifted  I'liiry 
l(>oj>  into  wliidi  a  (athctei  (oiild  lie  fiindy  aiuhoied  with  two  lialloons, 
one  jttst  inside  and  anothei  otttside  tlie  altdoniinal  wall.  This  prejtara- 
tion  was  used  by  workeis  at  the  l'ni\eisity  ol  PennsyK ania'*- aiul 
stiinttlated  tenewetl  interest  in  intestinal  (istulae.  I  hese  prejiai ations  are 
still  tiselnl  and  ha\e  been  employed  in  recent  yeais  lot  sitidies  ol  amino 
ac  id“*'  absorption. 

()( ( asionally  I  hiry-Tella  loops  at  e  a\ailable  in  htnnans  as  a  restilt 
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Figure  13.  Vella  loop.  The  isolated  loop  of  intestine  (c)  is  attached  to  openings 
in  the  abdominal  wall  at  (c)  and  (d).  Ihc  remaining  intestine  is  represented  by  (i) 
and  (s)  which  are  connected  !)>  an  end-to-end  anastomosis  at  (v).  (Vella:  Untersuch. 
Naturl.  Mensch.  u.  I  hiere,  13,  1888.) 


of  some  tiiiiisital  sitrtrical  coinjtlicatioii  ol  an  intestinal  disorder.  Kuroda 
and  Ginible'^^'  and  Orten^’’’'^'  have  stitdied  amino  acid  absorption  in  a 
man  with  a  riiiry  loop. 

( .annulation  of  the  Portal  Vein 

Sampling  of  blood  from  the  portal  \ein  was  carried  out  by  Claude 
Bernard,  but  chemical  methods  were  so  inadetpiate  that  little  useful 
information  could  be  obtained.  Later,  the  method  was  itsed  to  establish 
the  portal  route  for  sugar-*'^  and  amino  acid®”  absorption  but  the  method 
dill  not  lend  itself  to  rejjeated  sampling.  It  was  Lomlon^^’ and  his 
school  in  Leningrad  who  |K)j)ulari/cd  the  method  by  developing  an  ele¬ 
gant  permanent  preparation  for  jjortal  win  samj)ling.  I  bis  so-called 
London  cannula  was  a  metal  cannida  surgically  fixed  in  close  proximity 
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to  the  portal  vein  or  otlier  large  vessel  in  such  a  manner  that  a  shar[) 
needle  coukl  he  introduced  through  the  cannula  into  the  vessel  for 
sainjiling.  The  surgical  difhculties  are  such  that  relati\ely  few  iinesti- 
gators  have  utilized  this  method.  Dent  and  Schilling,^®  however,  used 
this  method  with  considerable  success  in  their  important  studies  of  amino 
acid  absorption.  More  recently,  Shoemaker  and  his  collaborators*’-  have 
dexeloped  methods  of  introducing  indwelling  catheters  into  a  number  of 
\essels,  including  the  portal  \ein.  .\n  example  of  the  results  obtained  from 
this  method  is  given  in  Figure  .S()  ((lhapter  4). 

Clannulation  of  a  mesenteric  \ein  in  anesthetized  animals  has  re¬ 
cently  been  used  by  a  number  of  workers.  vessel  is  chosen  which  drains 
a  small  segment  of  intestine  which  in  turn  is  isolated  from  the  rest  of 
the  small  intestine  by  ligatures.  If  a  sugar  or  amino  acid  is  placed  in 
the  lumen  of  the  intestinal  segment  the  absorbed  products  can  be  col¬ 
lected  cpiantitati\ ely  in  the  \enous  blood  draining  the  loop.  This  method 
was  employed,  recently,  in  the  study  of  the  chemical  alterations  in 
sugars'’’ and  amino  acids'’^'®'*  during  transit  across  the  ejiithelial 
cell. 

In  patients  with  portal  hyjx’itension  the  vascular  collaterals  cle- 
\eloj),  es|)ecially  the  abdominal  anastomotic  vessels,  permitting  sampling 
of  portal  blood  in  unanesthetized  human  subjects.  Several  studies  of 
intestinal  absorjition  ha\e  been  carried  out  on  such  incli\ icluals.**’ 

(iannidation  of  the  Lymjihatics 

The  thoracic  duc  t  is  the  lymphatic  \essel  most  commonly  canmdated 
because  of  its  size  and  accessibility.  Intestinal  lymph  drains  chiefly  into 
the  left  thoracic  duct  but  probalily  small  collaterals  communicate  with 
the  duct  on  the  opposite  side  and  there  are  some  lymphatic— blood  vessel 
anastomoses.  Fhe  jiresence  of  collateral  vessels^*  probably  accounts 

for  the  fact  that  ligation  of  the  left  thoracic  duct  does  not  appreciably 
reduce  the  rate  of  intestinal  absoi  jition  of  triglycerides.'*”'’-  An  interest¬ 
ing  example  of  the  lymphatic  cannulation  method  is  a  study  by  Clomline, 
Roberts,  and  'Fitchen-**  who  showed  that,  following  colostrum  feeding 
to  a  newborn  calf,  as  much  as  1.2  gm.  of  unaltered  colostrum  j^roteins 
could  be  collected  from  an  intestinal  lymphatic  in  a  period  of  ten 
minutes. 

.\n  important  advance  was  made  by  Hollman,  Cain,  and  Grindlay,*** 
who  succeeded  in  developing  a  method  for  cannulation  ol  the  thoracic 
(hu  t  in  the  rat.  I  his  opened  the  way  for  extensive  research  on  lij)id 
absoiption  in  this  animal.  Xumerous  examjiles  of  data  obtained  with 
this  methcHl  are  given  in  Chajiter  7. 

Lymphatic  fistulae  in  human  beings  have  been  studied  for  years. 
.Munk  and  Rosenstein  in  1891®**  reviewed  a  not-inconsiderable  earlier 
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literature  before  rej^ortin.t'  tlieir  own  extensive  experiments  on  a  patient 
witli  elej)hantiasis  wlio  liad  a  fistula  draining  imuh  ol  the  intestimal 
tract.  .Ahrens  and  his  collaborators  at  the  Rockelellei  Institute  recently 
studied  an  interesting  j)atient  with  a  connnunication  between  an  intes¬ 
tinal  lyin})hatic:  and  the  renal  peKis.’-  .About  20  j)er  cent  ol  the  intestinal 
lymphatic  drainage  could  be  collected  in  the  urine.  In  recent  studies, 
Hiernian  et  al.*^  cannulated  the  thoracic  duct  in  the  neck  of  htnnan 
sid)jects. 

The  C'.oii  Method 

.An  iinpoitant  method  lor  the  study  ol  absolution  in  vivo  was  de¬ 
veloped  by  Ciori.““  In  this  method  a  measured  volume  ol  solution  was 
introduced  directly  into  the  stomach  of  an  unanestheti/ed  rat  by  stc.miach 
tube.  .At  the  end  of  the  experimental  period  the  entire  gastrcjintestinal 
tract  was  washed  out  and  the  unabsorbed  contents  analyzed.  This  methcxl 
combined  the  theoretical  advantages  of  studying  absorption  in  the 
unanesthetized  animal  with  the  practical  advantage  of  utilizing  large 
numbers  of  small  animals  for  c|uantitative  work.  It  was  with  this  method 
that  the  specificity  of  sugar  absorption  was  first  clearly  established.-- 

The  addition  of  a  soluble  nonabsorbable  marker  to  the  test  solutions 
has  increased  the  usefulness  of  the  Cori  method.  Reynell  and  .Spray, 
using  phenol  red  as  a  marker,  were  able  to  determine  gastric  emptying 
and  intestinal  transit  times  during  pericjcls  of  absorption.  They  showed 
that,  with  very  low'  glucose  loads,  the  rate  of  absorption  was  determined 
mainly  by  gastric  emjHying  time,'^  while  with  higher  loads  the  rate- 
limiting  factor  was  intestinal  absorjition. 


The  Balance  Method 

I  his  method  has  been  extensively  used  lor  absorjJtion  studies  with 
human  stdijects.  1  he  oral  intake  and  fecal  outj:)ut  is  carehdly  measured 
and  the  difierence  between  the  two  is  taken  as  a  measure  of  absorption 
(or  excretion).  .Although  the  method  has  definite  limitations  for  organic 
sid)stances,  because  of  bacteiial  degradation  in  the  colon,  it  has  been 
most  useful  fcjr  inorganic  ions.  .An  example  of  this  technicpie  is  given  in 
Figure  79  in  Chapter  7. 


Tied  Loops  of  Intestine  In  (he  Anesthetized  .Animal 

1  his  was  one  of  the  first  and  most  generally  satisfactory  methods 
used  in  this  field.  It  has  been  used  extensively  by  a  great  manv  workers. 
esiKcially  by  libber-"  and  \erzar.«=*  It  is  possible  to  place  different 
substances  in  consecutive  tied  loojis  in  the  same  animal  and  measure 
disappearance  ol  the  test  substance  from  the  lumen.  One  may  also  use 
the  same  hxjp  for  more  than  one  absorption  pericxi.  A  detailed  descrip- 
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lion  ol  the  iiietliocl  is  gi\eii  in  \'er/.ai’s  liook/*'*  It  was  with  this  general 
inetluxH'^  that  X'isscher  and  his  colleagues  tarried  out  their  extensive 
investigations  on  lluitl  anti  elettrolyte  absorption. 

(lirculatioii  t)f  Fluitl  Thrtmgh  a  Lotip  t)f  Intestine 

nu^tlihcation  ol  the  previous  inethotl  is  perlusion  ol  (luitl  through 
a  loop  ol  intestine  with  or  without  retirculatiou  ol  lluitl.  In  1917,  Sols 
anti  I’on/^^  tlestrihetl  one  such  inethotl  (Figure  11).  Fin's  general  pro- 


Hgnre  H.  In  t’/r'o  (iKulation  mctliod  ol  Sols  and  I’on/. 

1.  Wooden  frame  of  bv  L’H  cm.  pros  ided  with  lef^s  of  20  ini.  in  lenglli  and  iwo  stems 

of  2')  ( m. 

2.  Pieces  of  tanvas  in  the  shapes  of  liammocks  foi  the  lals. 

,1.  Funnel  with  kev  (4). 

').  Rnirhei  tid)e  (onne(tinj>;  funnel  with  (annnia  of  entianie  li. 

7.  it  8.  (  annula  and  issue  ud)e,  the  laltei  pioxided  with  a  damp  0. 

10.  Voltimetric  flask. 

11.  h.lettiic  pillow. 

Sols  and  Pon/:  Rev.  espan.  Iisiol.,  t.  1017.) 
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mlurc,  with  moclifuatioiis,  has  been  used  by  a  number  of  work- 
(.,.^3.3,0,  80,  42  .similar  method  was  usetl  by  the  Bethesda  group'”  in 
their  extensive  study  of  absorption  of  drugs  Irom  the  intestine. 


Intubation  Methods  for  Humans 

In  ID.Sf  Miller  and  Abbott^”  described  a  metliod  lor  tlie  rapid 
intidjation  of  the  human  small  intestine.  It  iiuolved  the  use  ol  a  doublc- 


Figure  15.  Miller-Abbott  tube.  Longiuidinal  sections  of 
double  luineii  iiil)ber  tube,  t  he  lumen  on  the  right  side  is 
referred  to  as  “A”  and  the  other  lumen  as  “B.”  1  indicates 
a  proximal  tube  communicating  with  “A”;  2,  a  proximal  tube 
communicating  with  “B”;  3  indicates  a  brass  cannula  for 
making  the  connection  between  a  lumen  of  the  doultle  tube 
and  proximal  single  tidte;  4,  thread  holding  two  brass  tubes 
in  place;  5.  outer  wall  of  double-lnmeti  tube;  fi,  transverse 
section  of  tul)c;  7,  opening  into  lumen  “A”;  8,  Rehfuss 
bucket;  9,  rubber  liag  fcondom  or  linger  cot).  (Miller  and 
Al)bott:  Am.  J.  M.  Sc.,  IS7,  1934.) 


(I«n«n  6) 


28 


INTESTINAL  ABSORPTION 


luinen  luliher  tube,  to  tlie  distal  end  ol  wliich  was  attached  a  collapsible 
rubber  balloon  which  could  be  distended  through  one  of  the  lumens 
(figure  15).  I  he  balloon,  when  suitably  inflated,  could  stimulate  peris¬ 
talsis  active  enough  to  j)ro{X'l  it  through  the  entire  length  of  the  small 
intestine  in  three  to  lour  hours.  The  balloon  also  obstructed  the  lumen 
so  that  fluid  could  be  aspirated  through  the  second  lumen.  It  was  possible 
to  place  the  tube  at  any  desired  location  in  the  gut  and  aspirate  contents 
before  and  after  feeding  \arious  substaiues.  In  1036  .\bbott  and  Miller^’^ 
IKiblished  a  description  of  a  triple-lumen  tube  which  was  used  to  isolate 
a  segment  of  intestine  between  two  rubber  balloons.  I'lie  contents  of 
the  area  between  the  balloons  could  be  asj)irated  and  absorption  studies 
made,  uncomplicated  by  foo<l  and  secretions  from  adjacent  segments 
of  intestine,  d'his  method  and  its  modifications-^*  ha\e 

been  very  useful  in  the  study  of  absorption  in  man. 

The  most  recent  intubation  method  is  that  introduced  by  Hlanken- 
horn,  Hirsch,  and  .Ahrens'^  and  used  by  them  and  by  Borgstrbm  and 
his  collaborators.^^  In  this  method  a  thin  jjolyvinyl  tube  (2.1  mm.  O.D.) 
is  allowecl  to  pass  through  the  entire  gastrointestinal  tract,  d'he  tube 
is  then  permitted  to  enter  continuously  through  the  nose  and  lea\e  via 
the  anus  at  a  rate  depending  on  normal  j^eristalsis.  By  various  ingenious 
de\ices,  sampling  can  be  made  at  any  desired  level  of  the  intestine.  Trans- 
intestinal  intubation  for  perifxls  of  one  to  two  weeks  is  well  tolerated  and 
samjding  may  be  effected  under  conditions  which  closely  aj)proach  the 
physiological  state.  I  his  method  will  probably  be  used  more  extensively 
in  the  future. 


I\  VITRO  METHODS 

Early  Methods 

One  of  the  early  studies  specifically  related  to  j)ermeability  of  the 
intestine  was  by  Jones  in  1854’*'  in  which  an  isolated  segment  of  racoon 
small  intestine  was  placed  in  a  solution  of  oxalate  and  a  cakium  solution 
was  j)asscd  through  the  lumen.  As  a  j^recipitate  apjieared  in  the  oxalate 
solution  it  was  inferred  that  calcium  ions  had  crossed  the  intestinal  wall. 
A  similar  type  of  experiment  on  the  movement  of  acids  across  the  isolated 
intestine  was  depicted  in  a  book  by  Carpenter  in  1865.’'^  d'he  first 
imjKirtant  j)hysiological  information  obtained  with  isolated  intestine 
concerned  the  absorption  of  fluid  across  the  intestine  against  a  hydrostatic 
pressure  gradient.  This  obserxation  was  made  by  Reid'-* with  an 
ingenious  device  which  consisted  of  two  c ompartments  between  which  a 
sheet  of  intestine  was  phued.  This  devite.  a  jirototyjie  of  more  modern 
ones  used  for  the  study  of  membrane  transport,  is  depicted  in  Eigure  16. 

In  19.30.  Auchinachie.  Madeod.  and  Magee*^  studietl  the  absorjition 
of  sugars  with  isolated  rabbit  intestine  suspended  in  a  beaker  of  oxygen- 


hgure  16.  A  ciiaphiagiii  of  intestine  separating  two  coinpartinents.  A  ciicnlai 
segeinent  of  intestine  (not  seen  in  (ignre)  separates  two  glass  toinpartinents.  CiapillaiA 
tuljes  attached  to  each  coinpartinent  are  for  recording  pressure  chanees  (Reid' 
J.  IMiysiol.,  26,  l!)01 ,) 


ated  Ringer’s  solution.  Witli  tins  preparation  they  were  able  to  show  that 
while  glucose  was  absorbed  nuich  faster  than  xylose  at  both  sugars 

were  absorbed  at  the  same  rate  at  ()°C.  This  was  one  of  the  first  indications 
that  some  j^rocess  other  than  simjile  diffusion  was  involved  in  glucose 
ab.sorption.  I  his  jn  eparation  has  been  used  occasional ly''‘>  but  "is  not 
entirely  satisfactory  because  of  inade(|uate  oxygenation  of  the  epithelium. 

l‘eifiision  of  Isolated  Intestine 

The  intestine  perfused  with  blood  or  saline  solution  will  function 
in  vitro  but  it  is  not  a  simjde  method.  ()hnell«>  has  reviewed  the  jme- 
vious  studies  and  described  his  own  jneparation.  Lundsgaaicl  jierformed 
a  series  of  studies  on  sugar  transport  and  metabolism  in  cat  intestine  bv 
this  method.'^«  In  recent  years  the  method  has  been  used  infreciuently. 

Calculation  Techniques 

1  he  first  well-oxygenated  in  vitro  preparation  of  the  small  intestine 
lor  absorption  studies  was  described  in  1919  by  Fisher  and  Parsons.^^ 
figure  17  shows  the  apparatus  for  circulating  oxygenated  Krebs  solution 
on  both  sides  ol  a  segment  of  rat  intestine.  Warm  Krebs  solution  was 
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Hgutc  17-  (^ii(  Illation  ap 

paialns  of  l  islici  and  Parsons. 
1  he  inner  (inicl  passes  from  the 
reservoir  R  ihrongli  a  rnhher 
lube  fnrnislied  with  a  strew 
tlamp  r  to  the  glass  tube  C'.j. 
1  he  inner  llnitl  passes  from 
throngh  the  lumen  of  the  in 
testine  1  to  a  setoiul  glass  tube 
Ci2.  Prom  Co  llnid  passes  to  (ij 
wliith  is  a  small  gas-injettor 
which  introduces  a  stream  of 
gas  bubbles  (5  per  cent  CO., 
and  95  per  tent  02)  which  raises 
the  llnid  throngh  the  vertical 
tube  J  and  throngh  the  anti 
fiothing  device  !•  back  into  the 
reservoir  R.  A  similar  oxygena- 
u.  tion  device  (^2  is  provided  for 
-L  the  lower  compartment.  With 
hj  ecjnals  35  cm.,  and  h^  equals 
10  cm.  and  the  tubes  have  an 
internal  diameter  of  1  mm.,  cir¬ 
culation  rates  of  35  to  T5  ml./ 
min.  are  obtained.  (Fisher  and 
Parsons;  J.  Physiol.,  110,  1919.) 


O  g?  {  )( 

r 


jtas.setl  ilu(>tti*li  (lie  Itimeii  ol  the  intestine  with  a  hychostaiic  piessttre  ol 
HO  ctn.  ol  saline.  The  lltticl  was  letnrnetl  to  the  leseivoii  and  oxyoenatetl 
hy  htihbles  ol  oxygen  rising  in  a  vertical  tithe.  The  sohilion  on  tlie  serosal 
side  ol  the  intestinal  wall  was  also  oxygenated.  I  his  j>re]>aration  was  ttsed 
hy  Fisher  and  Parsons'*-  and  otliers"**’ -  lor  the  stttdy  ol  sttgai  and  amino 
acid  ahsorption. 

W'isenian*®-*  lias  destrihed  tinother  ajiparatits  lor  circulating  oxy¬ 
genated  sohttions  on  the  two  sides  ol  the  small  intc'stine  (I'igtne  18.)  In 
this  jneparation,  llnid  jrasses  down  tlnee  segments  ol  intestine-  and  is 
rettirned  to  the  reservoii  via  a  single  ttthe  provided  with  an  oxygen  htih- 
hler.  With  this  method.  Wiseman  demonstiated  active  transjioit  ol 
I. -amino  acids  across  rat  intestine  against  a  c one c-ntration  giadienl.  'I  he 
method  was  also  used  hv  Mtito**”  lor  studies  ol  lihollavin  ahsorption. 
'I  his  has  heen  modilied  hy  .Smyth  and  Faylor^*  hv  the  lemoval  ol  the 


METHODS 


31 


I-igure  ]8.  CMrculation  apparatus  of 
W  iseman.  The  uppcM  chamber,  which  con¬ 
tains  the  inner  flniti  and  carries  tlie  intes¬ 
tinal  segments,  fits  into  the  lower  chamber 
(containing  50  ml.),  is  open  at  C,  has  a 
capacity  of  about  50  ml.  and  a  diameter  of 
al)ont  I  cm.  Three  segments  of  intestine 
each  20  cm.  long  are  attached.  Fluid  moves 
from  the  upper  chamber  clown  tid)e  I)  and 
rises  through  the  lumen  of  the  three  seg¬ 
ments  of  intestine  and  then  returns  to  the 
ujjper  chamber  by  means  of  an  oxygen 
l)ul)bler,  .\.  The  serosal  fluid  (25  ml.)  in 
the  lower  compartment  is  oxygenated 
through  bubbler  B.  fWiseman:  J.  Physiol., 
120.  1053.) 


serosal  fluid.  Huid  and  solutes  absorbed  by  the  intestine  are  not  diluted 
by  a  large  serosal  fluid  volume  but  allowed  to  drain  from  the  serosal 
snrlace  and  drop  into  a  test  tube  at  the  bottom  of  the  apparatus.  I'his 

method  has  al,so  been  ttsed  by  Gilman^fi  for  studies  of  fluid  and  electro¬ 
lyte  absorption. 

l.ee»  has  recently  investigated  the  rottte  of  fluid  absorption  through 
lly  tntesttnal  wall  He  canttttlated  a  mesenteric  vein  and  lym- 

phattr  vessel  and  then  drctilated  Krebs  solution  through  the  Itinien.  With 
in  nnn.  Hg  lavage  presstne,  85  per  cettt  of  the  absorhed  fluid  appeared  in 
the  lyiti|.hattc  vessel,  II  per  cent  in  the  mesenteric  vein,  and  only  ■!  per 
cettt  thilused  across  the  serosa.  Occlusion  of  vessels  led  to  elevatetl' hydro¬ 
static  presstne  within  thetn  and  inhihttion  of  fluid  absorption  sa.  as  i  |,e,c 
oliservations  are  probably  applicahle  to  other  in  vUrn  methods 
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Darlington  and  (^nastel-^  lia\c  usetl  anotlier  ui  xiilro  j>rej)ai aiion 
wliich  has  tlie  advantage  ot  simplicity  ol  construction  (Figure  19).  .\ 
considerable  number  of  jjidilislied  studies  have  come  Irom  the  Montreal 
laboratory  using  the  method.  .\  modification  of  this  method  combined 
with  the  use  of  everted  hamster  intestine  has  been  described  liy  W'ilson.'*^ 


CAS  GAS 


Figure  19.  ('.iiciilatioii  inctluKl  of  Darlington 
and  Qnastcl.  I  lie  inner  solution  |)asses  from  a 
(vlinder  A,  through  ('.  and  a  connecting  arm  1),  into 
a  small  reservoir  F,  which  is  open  to  the  atmosphere. 
From  K  the  fluid  passes  through  F,  which  connects 
with  the  intestinal  segment  H,  through  I  and  hack 
into  the  cylinder  A.  The  lower  opening  in  cylinder 
.\  is  closed  hy  a  ruhher  stopper  through  which 
passes  the  glass  tuhing  of  a  stopcock.  I  his  stopcock 
serves  to  drain  the  inner  fluid  at  the  end  of  the 
experiment.  I  he  volume  of  the  inner  solution  is 
approximately  100  ml. 

I  he  outer  .solution,  which  in  cylinder  M  hathes 
the  outer  surface  of  the  intestinal  .segment  H,  |)asses 
from  the  evlinder  through  N  and  the  connecting  arm 
()  into  the  small  reservoir  I’  which  is  also  open  to 
the  atmosphere.  F-rom  1’  the  fluid  passes  down  glass 
tid)ing  through  a  three-way  stopcock  into  the  cylin¬ 
der  M.  I  uhes  r  and  F  are  for  introduction  of 
oxvgen  which  circtdalcs  and  oxvgenates  the  fluids. 

The  three-way  stopcock  R  is  used  to  drain  the  outer 
fluid  at  the  end  of  the  experiment,  which  is  collccte<l 
and  measured.  I  he  \olume  of  the  outei  solution  is 
ap|)roximatelv  110  ml.  (I)ailington  and  (luaslel: 
.\rch.  Biochem.,  /?,  19.5.S.) 


Everted  Sac  Method 

The  c\crted  sac  method  of  W’ilson  and  W'iscmaid^*  involves  the  tise 
of  small  segments  of  intestine,  ttirned  inside  out.  filled  with  fluid,  and 
tied  at  botli  ends.  Its  primary  virtue  is  its  simj)licity,  the  etjuijmient  in¬ 
volving  c^nly  an  Krlenmeyer  flask  and  a  water  f)ath.  In  addition,  the  small 
serosal  volume  results  in  large  concentration  changes  in  transjiorted  sub¬ 
stances.  Figure  20  shows  a  sac  of  everted  hamster  jejunum.  I'he  sac  is 
distended  with  fluid  which  separates  the  individual  villi  and  allows  circu- 
lation  of  oxygenated  Krebs  solution  between  them.  Fhe  very  high  oxygen 
re(|uirement  of  epithelial  (ells'”-  necessitates  special  piecautions  lor 
ade(|uate  oxygenation  (see  lev  iew  liy  W’isemaid®-’’). 

.\  few  (omments  on  this  method  may  be  useful.  Fhe  origiu.il  method 
described  the  introduction  of  a  bulilile  of  oxygen  into  the  sac  f<jr  the  pur- 
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Hgine  20.  Lveitcd  sac  method  of  W  ilson  and  iseinan.  Xied  sac  of  e\'erted  hanistci 
jejmnnn  containing  1  ml.  of  fluid.  \  3.  (  Wil.son:  12th  .\nn.  Conf.  Nephrotic  Syndrome.) 


]>()se  ol  oxygenation.  It  has  Ijecn  louiul,  einj^irically,  that  this  pioccclure 
IS  nnneces.sary,  presinnahly  because  of  the  low  oxygen  utilization  of  the 
nuiscnlaris  aiul  connective  tissue  anti  their  minor  role  in  the  absorption 
process.  1  he  degree  of  distention  of  the  sac  is  jjrobably  important,  as 
movement  of  fluid  from  serosal  to  imuosal  side,  due  to  hydrostatic  pres¬ 
sure,  greatly  inhibits  sugar  transport*^'  (at  least  in  the  hamster).  For 
Studies  of  absorption,  the  sac  should  be  filled  so  that  additional  uptake  of 
fluid  during  absorption  is  jjossible.  In  this  regard,  the  hamster,  rat,  and 
small  rabbit  have  been  found  most  satisfactory;  the  smooth  muscle  of  the 
guinea  jhg  and  frog  intestine  contract  .so  vigorously  that  fluid  is  forced 
out  of  the  exerted  sa(  duriug  incubation. 

because  of  its  simplicity,  the  everted  sac  method  has  been  used  for 
the  study  of  absorption  of  a  variety  of  substances:  sugars,^^  amino 
ac  icls.6^. ‘o-i  fatty  acids, iriglycericles.««  nucleotides  and  their  deriva¬ 
tives."- bile  .salts.s*  cholesterol,«a  vitamin.s,-'^^- inorganic  salts. 

21  and  proteins.^'  The  main  disadvantage  of  the  method,  difhcultx 
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ill  obtaining  more  than  one  serosal  sample,  may  be  overtome  by  joliiis- 
ton’s  snggestioir*®  ol  tying  to  the  end  ot  tlie  sat  a  jiolyetliylene  tube 
through  whith  multiple  samjjles  may  be  obtained  with  a  fine  needle. 

A  usetul  modifitation  of  the  sat  method  was  suggested  by  Crane  and 
W^ilson.^"*  I'his  “test-tube  method”  tombines  some  of  the  features  of  the 
simj>ler  sac  method  with  the  additional  feature  of  the  intestine  being 
tiecl  to  a  tannula  from  whith  freciuent  serosal  samples  may  be  obtained 
(Figure  21).  W'ith  this  method  a  number  of  dillerent  solutions  may  be 
tested  with  a  single  segment  of  tissue. 
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Figure  21.  Test  tube  method  of  Crane  and  ^Vilson. 
A,  No.  15  needle,  l)lnnted;  li,  No.  1  inl)l)er  stopper  with 
one  hole;  C,  plastic  I'Lnsteroid)  centrifuge  tnl)e,  15  ml. 
capacity  (15  x  95  mm);  D,  No.  21  needle  with  8  cm.  length 
of  polyethylene  tubing;  F,  I’yrex  tube,  upper  portion  6  cm. 
long  and  10  mm.  outer  diameter;  lower  portion  5  cm.  long 
and  5  mm.  outer  diameter,  with  a  cannula  tip  to  which 
the  open  end  of  the  sac  is  attached.  (Ciane  and  \\'ilson: 
|.  .\ppl.  Physiol. ,  12,  1958.) 


Tissue  .Vctumulation  Method 

In  1950,  .\gar,  Hird,  and  .Sidhu'^  studied  the  act immlation  of 
i.-histidine  by  small  segments  of  rat  intestine  (Figure  22).  I'hey  lound 
that  this  accumulation  process  (xcurred  with  i.-  and  not  D-histidine  and 
was  inhibited  by  DXP,  cyanide,  and  other  i.-amino  acids.  Fhis  method 
has  proved  extremely  useful  becaitse  it  is  sinijde  and  rejiroduc  ible.  I  lire! 
and  his  associates,  as  well  as  others,  ha\e  used  it  ellec  lively  tor  the  study 
of  amino  acid  transport. 

(aane  and  .Mandelstam-’*  have  used  this  method  to  advantage  in 
sugar  ab.sor}Jtion.  Fhey  also  described  a  preparation  ol  intestinal  \illi 
which  showed  the  same  phenomena  of  tissue  accumulation. 

.\  logical  extension  of  the  in  intro  methodology  is  the  isolation  ol 
single  epithelial  cells.  I  his  would  ajrpear  to  be  cpiite  feasible  as  methods 
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are  a\ailable  lor  scjjarating  incliviclual  cells  Ironi  a  \ariety  oi  organs  of 
the  animal  body,  d'he  use  of  suspensions  of  such  cells,  Iree  ol  connective 
tissue  and  smooth  muscle,  may  be  of  ccjusiderable  value  in  transjxirt  or 
metabolic  studies.  Perhaps  means  may  be  found  to  separate  the  individual 
cell  types  which  make  uj)  the  intestinal  epithelium  and  discover  the  func¬ 
tion  of  such  cell  types  as  the  argentafhne  and  Paneth  cells  about  which 
so  little  is  known. 


Figure  22.  Tissue  accumulation  method  of  Agar,  Hird,  and  Sidhu.  Small  rings 
I  to  5  mm.  in  width  were  cut  from  everted  intestine  of  the  hamster.  Dime  shown  for 
com|rarison.  .Vpproximatclv  x  7. 
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Mechanisms  of  Absorption 


For  over  seventy  years  there  lias  been  a  debate  about  tlie 
extent  to  wbicb  the  small  intestine  behaves  as  a  passive  seinipenneable 
membrane  and  to  what  extent  it  |jerlorms  “secretory”  or  absorptive  work 
recpiiring  energy  irom  cellular  metabolism.  Heidenbain  and  Reid  were 
proponents  ot  the  view  that  “vital”  cellular  activity  was  essential,  while 
others  such  as  Hbber  (and  later  (ioldschmidt)  believed  that  the  laws  of 
siiujile  diffusion  could  account  for  most  absorjitive  phenomena  of  the  in¬ 
testine.  .-Vs  in  many  such  debates,  both  views  were  later  shown  to  be  par¬ 
tially  correct,  although  special  absorptixe  mechanisms  probably  play  a 
more  important  role  than  diffusion.  T  he  purjiose  of  this  chapter  is  to  give 
examples  of  the  different  mechanisms  involved  in  intestinal  absorption. 

In  the  classification  of  j)ermeability  phenomena  commonly  employed, 
a  primary  division  is  made  between  j>assive  diffusion  and  special  tnech- 
anisms  (e.g.,  active  transport,  facilitated  diffusion,  and  pinocytosis). 

I  he  subdivision  of  the  two  majoi  categories  depends  somewhat  on  the 
author.  As  the  physiochemical  mechanisms  for  some  of  the  |)ic)cesses 
are  }JOorly  undeistood,  classification  in  these  cases  will  understandably 
be  rather  arbitiary.  Passive  diffusion  is  the  best  understood  permeability 
phenomenon,  at  least  insofar  as  it  applies  to  certain  artificial  systems 
and  a  few  living  membranes  such  as  those  of  cei  tain  plant  cells,**’ 
the  erythrocyte,^**  and  the  capillary.^*-®**  .Simj)le  diffusion  in  some  living 
cells,  however,  is  not  as  simple  and  unaml)iguous  as  it  may  be  in  artificial 
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systems,  as  shown  by  tlie  liigh  temperature  coelhcient  sometimes  found 
for  diffusion  tlirough  living  membranes'^'  and  by  the  eflect  of  cellular 
metabolism  on  diflusion  processes  in  certain  tissues.  Living  cells  do  not 
possess  (ellophane  membranes  and  many  ol  the  jjiermeability  character¬ 
istics  of  tell  membranes  are  nunlified  by  properties  inherent  in  their  com¬ 
plex  structure  and  by  the  metabolic  reactions  maintaining  them. 

Considerable  jnogress  has  been  made  in  rexent  years  in  the  direction 
of  elucidation  of  absorjitive  mechanisms  of  the  intestine,  and  a  classifica¬ 
tion  of  our  jiresent  knowledge  might  be  useful.  If  one  defines  precisely 
the  meaning  ol  the  terms  used  and  realizes  the  limitaticins  ol  the  system, 
a  classification  can  form  an  imjiortant  scries  ol  working  hyj)otheses 
around  which  existing  information  can  be  organized.  Inconsistencies 
between  data  and  hypotheses  may  stimulate  further  research. 


P.\SS1VE  DIFFUSION 

Diffusion  will  be  discussed  first  because  of  its  sinij)licity  and  not 
because  of  its  primary  importance  in  intestinal  absorption.  Historically, 
diffusion  was  the  first  mechanism  studied  in  detail  and  deviations  from 
the  laws  of  simjjle  diffusion  led  to  the  discovery  of  the  various  special 
absorptixe  mechanisms.  Although  actixe  transport  and  other  sjx'cial 
mechanisms  are  largely  responsible  for  absorption  of  most  nutrients, 
simple  diffusion  a})j:)ears  to  be  the  mechanism  of  absorjition  of  such 
imjiortant  substances  as  some  xvater-solublc  vitamins,  some  nucleic  acid 
derixatixes,  and  many  lijiid-soluble  substances. 

Pore  Route 

Diffusion  across  thin,  artificial  membranes  has  been  extensixelv  in- 

j 

xestigated;  the  rate  of  movement  ol  a  gixen  substance  is  proportional  to 
the  concentratioti  difference  across  the  membrane.  I  hc  process  is  quan- 
titatixely  described  by  the  Kick  equation: 


<ls 

d7 


K  (A) 


(external  coiiccnuation  —  internal  ronremratioip 
thickness  of  membrane 


in  xvhich  ds/dt  is  the  rate  of  movement  of  solute.  S,  across  the  membrane. 

is  the  area  of  the  membrane,  and  K  is  a  constant.  .\s  the  thickness  of 
the  cell  membiane  is  usually  not  knoxvn,  this  lactor  is  commonly  com¬ 
bined  xvith  the  constant.  K.  to  give  a  nexv  constant.  P  (permeability  con¬ 
stant).  I  he  etjuation  then  becomes: 


(A)  (external  concentration  -  internal  concentration). 
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I'Toiii  this  may  iic  ilerixccl  a  \ariety  ol  (lillerent  etjuatioiis  apjilicahle  to 
si>etific  exiierimciital  coiKliti()ns.52  i  he  simple  Fick  cipiation  is  applic- 
al)le  only  to  nonelectrolytcs;  a  somewhat  clillerent  treatment  is  given  to 
water’-’ and  to  elec  trolvtesd*^ 

Ihe  apjilication  ol  kick’s  eijiiation  to  cliilnsion  across  the  intestinal 
ejiitheliinn  is  tomjdicated  by  the  particular  anatomical  arrangement  ol 
the  cells.  I  he  snrlace  area  across  which  cliilnsion  occurs  is  ncjt  easily 
calcnlatecl,  as  mc)\ement  occiBs  across  three  |x*rmeal)ility  barriers  (two 
cell  membranes  and  a  basement  membrane).  'The  area  ol  the  luminal 
border  ol  the  cell,  made  nj)  ol  micrc)\illi,  is  at  least  ten  times  greater 
than  either  ol  the  other  two  membranes.  It  is  conceivable  that  one  mem¬ 
brane  may  be  the  eflective  permeability  barrier  lor  water-sohdde  snb- 
stances  and  another  lor  lipid-soluble  substances.  I  hus,  it  is  dilticidt  to 
substitute  a  value  lor  in  the  cliilnsion  ecpiation.  It  is  also  imjjortant 
to  realize  that  the  ej)ithelial  cell  is  about  three  orders  ol  magnitude 
thicker  than  a  plasma  cell  membrane  (compare,  lor  example,  the  thick¬ 
ness  ol  the  erythrocyte  membrane  |().01^|  and  the  ejiithclial  cell  (10  to 
l.')yu,|).  .\s  mentioned  abo\e,  the  common  measure  ol  permeability,  the 
jiermeability  constant  1*,  includes  the  membrane  thickness  but  certain 
cjuantitative  studies,  esjiecially  those  involving  bulk  How  ol  water,  rec|uire 
a  knowledge  ol  thickness. 

Simple  diflusion  is  undoubtedly  a  \e)y  inijiortant  jiathway  lor  ab¬ 
sorption  Irom  the  small  intestine  and  there  are  a  number  ol  good  exam- 
jiles.  Figure  2.S  shows  an  experiment  by  V'er/ar'-*^  in  which  the  rate  ol 
sorliose  absorjition  Irom  loojjs  ol  rat  intestine  in  I’ii’o  was  measured  at 


f  if’utr  21.  I■,llc(t  of  (((nccnUiilioii  on  ;il)sorpt ion  rale  <»f  sorbose.  Sorl>ose  was 
|)la(<<l  in  tied  loops  of  rat  intestine  in  I'it'o  and  rate  «)f  disappearance  fiom  loop  was 
incasnied.  (Diaw  n  from  the  data  of  \  er/ar:  Biocliem.  /tsc  hr.,  276: 1 7,  lO.I.'r.) 
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cliHercnt  toiiceiiuaiions.  ()\ei  a  wiile  range  tlie  absorjition  rate  was 
tlirei  tly  projioi  linnal  to  the  coin entration  in  tlie  linnen,  the  coiuentration 
in  tlie  hlood  lieing  virtually  zero.  Fin  thei  ex  icleiue  to  suggest  that  sorbose 
is  absoi  bed  by  dillnsion  ini  hides  these  hu  ts:  (1)  It  is  not  absorbed  against 
a  (oiuentration  gradientd'^'''  (2)  Its  absorjition  rate  is  not  inhibited  by 
jihlorizin  or  dinitrophenol.”  (3)  Other  sugars  do  not  compete  with  it 
lor  absorption.-”* 

\ariety  ol  other  examples  may  be  dted  in  which  Fick’s  law  apjjlies. 
I'rea,  lor  example,  has  been  studied  by  a  number  ol  workers  and  its  ab- 
sorjnion  rate  is  a  linear  lunction  ol  concentration  dilierence.*'^®*  ^”*  "- 
Furthermore,  it  dilluses  in  both  ilirettions  across  the  intestinal  ejiitheli- 
um.  Other  substances  showing  similar  behavior  include  manncjse,^-” 
xylose,*-”  Iructose,””*  erythritol,'*”  and  malonaniide.'*” 

linear  relation  between  absorption  rate  and  concentration  gradi¬ 
ent,  while  consistent  with  cliHiision,  does  not  exclude  abscjrj:)tion  by 
enzymatic  mechanisms  (or  by  one  involving  some  type  ol  adsorption 
reaction).  .\  similar  result  could  be  obtained  in  a  transport  process 
mediated  by  enzymes,  piwided  the  substrate  concentration  was  well 
below  the  K,„  (Michaelis-Menten  constant).  Fortunately  lor  the  experi¬ 
menter,  many  ol  the  special  mechanisms  (not  resulting  Irom  diliusion) 
are  completely  saturated  at  concentrations  ol  10  inM.  or  less  and  this 
conlusion  does  not  olten  occur. 

.As  early  as  1899  Hober'**^  showed  that  disaccharides  were  absorbed 
more  slowly  than  monosaccharides  and  concluded  that  diliusion  was  an 
important  mode  ol  abscjijjtion  by  the  intestinal  epithelium.  .A  more 
instructive  example  ol  the  same  type  is  taken  Irom  a  later  paj:>er  by 
llober  and  Fibber^”  in  which  a  comparison  was  made  between  absorji- 
tion  rates  ol  amides  and  their  molecular  volume  (  Fable  9).  4'hey  inlerred 


that  the  apjiarent  jiore  size  was  probably  apjiroached  by  succinamide 
siiue  A  ic“lati\c“ly  small  increase  in  Nolume  caused  a  disprojiortionate  de¬ 
crease  ill  absorjiiion  rate. 


Tal)lf  4.  l-.rn  c:r  oiMoi  rri  1  AK  \  ()i  iMi  ()\  Imi  shnai  Aicsorption 


SUBSTANCE 


MOI.KCUI  AR  VOI.UME 


ABSORPTION  RATE 
PER  CENT 


Xcetaniidc* 

l.ac  lamidc- 
Siic  ( inaniide 


69 

99 

126 


73 

40 

5 
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sdiircli  are  not  al)soil)etl  and  coinpoiinds  witli  a  nioleculai  ueiglit  Iroin 
200  lo  too  are  just  al)le  to  jx-netraie  the  cell.  In  1957  Ciurran  and  Solo¬ 
mon'"  estimated  the  ellective  pore  radius  as  30  A°,  makini^  certain  as¬ 
sumptions.  more  recent  estimate  by  I.indemann  and  Solomon,'"**  nsiiifi; 
an  entirely  dillerent  techni(|ue,  gives  a  value  ol  1  which  is  ol  the  order 
ol  magnitude  presumed  lor  most  other  cell  membranes. 


Table  5.  F.fkkct  of 

Moi.EClIl.AR 

.Size  on  Rate  of 

.Absorption  of  Sucars 

RADIUS  of 

RATE  OF  MOVE.MENT  FROM 

CARBOHYDRATE 

.MOI.ECUI  AR 

WEICH  r 

ECJUIVAEF.NT 

SFHERE 

.Ml'COSAI,  TO  SFROSAt,  SIDES 
f^.MOl.F.S  100  .MG- 

(A°)* 

WET  wr./iiR.)t 

Polv,saccharicie 

50,000  ± 

0 

(starch) 

Inulin 

5,000 

14.8 

0 

DLsaccharicle 

342 

4 .4 

0.5 

(lactose) 

Hexose 

180 

3.G 

1.9 

('mannose,  sorbose) 
Pentose 

150 

0  0 

(ribose,  arabiuose) 
Triose 

90 

4.5 

(glyceraldehytle) 

•  The  radius  of  a  particle  that  would  show  the  same  ilitiusiou  coeHicient  iu  solution 
as  that  actually  ohserved  for  the  particular  molecule. 8® 

t  The  initial  coiiceutralion  gradient  for  the  four  sugars  was  U.3M  while  that  for  iuuliii 
and  starch  was  1  per  cent.  Calculated  from  data  of  Wilson  and  \'incent:  J.  Itiol.  ('.hem., 
2/6:851,  1955. 

Lipid  Route 

Ihe  classical  studies  ol  Overton®''*^**  and  later  Ciollander  and 
liarlund"  established  the  fact  that  while  the  rate  ol  penetration  ol 
small  water-soluble  molecules  could  satislactorily  be  explained  by  ditlu- 
sion  through  water-filled  jiores  in  the  membrane,  the  rate  tor  a  large 
group  ol  substances  could  be  explained  only  by  their  jjassage  through 
lijiid  ol  the  cell  membrane.  The  rate  cjI  jxnetraiion  ol  diethylurea,  tor 
examjrle,  is  more  than  ten  times  that  ol  urea,  and  the  lipid  solubility 
ol  the  first  is  about  ten  times  that  ol  the  second.  I  hese  general  observa¬ 
tions  have  been  confirmed  and  extended  to  almost  all  lixing  cells,  (dear 
examjrles  ol  this  type  ol  diffusion  may  be  lonnd  in  intestinal  absorption, 
f  able  <i  gives  exanijrles  in  which  lipid  solubility  apjxars  to  be  ihe  im- 
jxH  tant  factor  in  determining  absorption  rate. 

riiere  are  many  drugs  whose  molecular  si/e  would  not  be  favorable 
to  passage  through  pores,  but  because  ol  their  lipid  solubility,  absorption 
is  fairly  rapid.  .\n  excellent  example  of  this  tyj)e  is  taken  from  the  study 
ol  .Schanker'®"'  on  barbiturate  absorj)tion  by  the  rat  colon  (Figure  21). 
In  this  example  the  rate  of  alisorption  increased  des|)ite  an  increase  in 
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Tabic  ().  Effkct  of  Liimd  Soi.ubii  rrv  on  Absorption 


substancf: 

MOI.ECUI.AR 

voru.ME 

distribution 

COEFFICIENT 

oil/water 

absorption 

PER  CENT 

Surcinaniide 

103 

0.0049 

82 

l.actaniide 

99 

0.00058 

67 

Malonaniide 

104 

0.00008 

13 

Eakc’n  from  Holier 

and  Hobcr:  j.  (.ell. 

8:  C.oinp.  I’liysiol., 

76:401,  1937. 

COMPOUND  PARTITION  COEFF. 

%  ABSORBED 

^NH  — CO  CHz-CHj 

CO  C^  0.7 

^NH  — CO  CjHj 

12 

(Borbital) 

NH-CO  CHg-CHj-CHj-CH, 

/\ 

NH-CO  CgHj 

24 

(Butethol) 

/NH  — CO  CHj-CHj-CHg-CHg-CHj-CHj 

X 

NH  — CO  CjHs 

44 

(Hexethal) 

Figure  24.  Effect  of  lipid  solubility  on  absorption  of  a  series  of  barbituric  acid 
derivatives.  (Drawn  from  the  data  of  Schanker:  J.  Pharmacol.  S:  Exper  Therap 
726:283,  1959.)  l  f  > 

nioleciilai  wciglu,  a  result  tliat  is  inexjilicalfle  on  the  basis  of  simple 
dilFusion  through  small  water-filled  channels.  Hexathal.  because  of  its 

much  greater  lipid  .solubility,  is  absorbed  about  four  times  as  fast  as 
barbital. 


Weak  Electrolytes 

It  has  been  known  for  many  years  that  cellular  jjermeabilitv  to  weak 
electrolytes  may  be  dramatically  affected  by  relatively  small  changes  in 
the  pH  of  the  suspending  medium.  I  he  rate  of  jfenetration  of  weak  acids 
and  weak  bases  is  enormously  increased  by  altering  the  pH  of  the  external 
cnvircuiment  in  the  direction  of  the  pK  of  the  comjiound.  The  explana¬ 
tion  for  this  behavior  is  in  the  fact  that  the  cell  membrane  is  much  more 
I>ermeable  to  the  undissociated  molecule  than  to  the  ionized  form,  es- 
j>ecially  when  the  un-ioni/ed  form  is  hpid  .soluble.  Examples  of  this 
behavior  may  be  cited  for  carbonic  acid,^«. ammonium  salt.s. 

and  dycs.-^s  .Mihough  this  phenomenon  is  of  general  significance 
Ml  all  cells,  only  recently  were  good  examples  described  in  the  case  of  the 
intestinal  epithelium. '*2.  -is,  lo.^,  104, 106,  los) 
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Total  A  =  IOI 


pH=7 


PK=4 

I^HA  ^  H  +  A 
(I)  (1000) 

^ - y - ' 

Total  A  =  1001 


limine  2‘>.  Mt-dianism  ot  incinhiaiu'  pencil alion  by  weak  a«i(l. 


I-et  US  assume  that  a  memliraiie  is  conijiletcly  im|)ci luealile  to  the 
dissociated  acid,  A“,  while  it  is  Ireely  jiei  nieahle  to  the  uudissoc  iated 
species  HA.  Wdth  a  pK  ol  4  lor  the  reaction  H  '  HA,  let  us  now 

chaiitjfe  the  pH  ol  the  lelt-hand  side  to  j)H  0  by  the  addition  ol  a  small 
amount  ol  IKd  or  other  strong  acid  (see  l-'igure  23).  I'here  is  now  more 
HA  lorined  on  the  acid  side.  This  upsets  the  e(|uilibrium  across  the  mem¬ 
brane  and  more  HA  crosses  to  the  right-hand  side.  I’he  net  lesult  is  the  re¬ 
duction  in  the  total  amount  ol  HA  plus  A“  on  the  lelt-hand  side  and  a 
rise  on  the  ojiposite  side. 

Figure  20  shows  two  exa.mjdes  ol  this  phenomenon  in  alisorption 
Irciin  the  intestine.  .Abscjrption  ol  the  weak  acid,  3-nitrosalitylic  acid,  is 


li/ruir  26.  Klle«l  <»f  pH  on  alisorplion  of  weak  eleitioKles.  (lloKlien  et  al.:  (. 
I’harmaiol.  k  Kxper.  I  lieiap.,  I2‘>.  19r)t».) 
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niiich  more  rajiicl  in  acid  solution  tlian  wlien  neutral  or  in  alkaline 
solution.  Ajijneciable  ahsoiption  occurs  only  when  the  ]jK  is  apjiroaclied 
and  a  significant  fraction  of  the  molecules  are  un-ioni/ed.  Likewise, 
with  the  weak  base,  (juinine,  the  un-ioni/.etl  sj^ecies  is  absorbed  more 
rapidly  than  the  ioni/ed  one.  I'liis  jJi  inciple  has  some  jjiactical  ajiplica- 
tion  in  drug  therapy,  as  en\ it onmental  jdl  can  at  times  be  manijjidated 
so  that  absorption  is  facilitated  or  iidiibited.  Still  another  method  of 
j>i()moting  absorption  of  a  compound  is  to  leniove  the  charge  ol  a 
carboxyl  grouj>  by  formation  of  an  amide  or  ester,  or  otherwise  to  remove 
ioni/able  grouj:)s. 


Intestinal  Epithelium  as  a  Hairier  to  Diffusion 


Hecause  many  electrolytes  and  nonelet trolytes  of  various  sizes  are 
absorbed  by  the  intestine,  a  sujjerficial  impression  might  be  obtained 
that  the  ejiithelium  is  very  ].)ermeable  and  exceedingly  unselectixe.  In 
the  light  of  present  knowledge  it  ajjjjcars  more  likely  the  intestine  is  a 
relati\ely  imjjermeable  structure  with  a  \ariety  of  highly  specific  trans- 
j>ort  systems  for  biologically  important  substances. 

1  he  intestine  is  impermeable  to  mcjst  particulate  material  such  as 
bacteria,  starch  grains,  and  emulsions  of  most  hydrocarbons.^21  There 
IS  recent  evidence  demonstrating  jxirticulate  absorption  in  the  adult 
animal  undei  ceittiin  conditions,^’ but  its  t]uantitati\e  significance 
has  yet  to  be  assessed.  The  cjuestion  of  jxirticulate  absorption  during 
tiiglyceiide  absorjjtioid’ is  still  unsettled  and  is  discussed  in  detail 
in  C;ha])ter  7.  Suffice  it  to  say,  in  the  jiresent  context,  that  if  absorption 
c)f  j>ai  tic tdiite  lijjid  occurs  it  must  be  an  exceedingly  .scdectixe  jxocess,  as 
othci  sidistances  of  large  molecular  dimensions*'*  do  not  jicnetrate  the 
intestinal  ejiithelium  to  any  a]i|)reciable  extent. 


I  he  adult  intestine  is  likewise  imjicrmeable  to  most  water-soluble 
aimjKninds  with  high  molecular  weights  (including  starch,  cellulose, 
inulin,  and  jiolyeihylene  glycol).  Phis  last  comjiound,  which  has  a 
molecular  weight  ol  :f()()0  to  -ITOO,  has  been  studied  in  man  and  \irtually 
comjilete  recovery  is  obtained  in  the  feces  after  oral  administration.***' 
Hogbeid*  stated:  “Water-soluble  and  lijjicl-insoluble  solutes  with  a  mole¬ 
cular  weight  somewhat  larger  than  100  are  jioorly  absorbed  if  at  all.” 
Although  the  value  of  100  may  be  rather  too  small,  the  statement  emjdia- 
sizes  the  relative  mi]iermeability  of  the  intestinal  ejiithelium.  I  he  short 
jieriod  of  jxoteni  absorjnioii  which  occurs  in  fetal  and  newborn  animals 
of  certain  sjiecies  is  a  sj>ecial  subjeti  considered  in  Chajner  10.  d'he 

adult  animal  is  cajxible  of  absorbing  intact  jxotein  molecules  onlv  in 
antigenic  amounts. 

Highly  loiiiml  riinipmiiHls  (onipiise  anolluT  lategorv  of  pooilv 
al.soihe<l  con, pounds,  ft  I, as  licen  known  lo,  many  years  that  tells  are 
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relatively  inipeniieable  to  most  salts  of  strong  acids  and  bases,  esjK*cially 
polyvalent  coinpoiinds  and  those  of  large  nudecular  weight.  The  physio¬ 
logical  basis  for  the  cathartic  action  of  snlfate,  phosjjhate,  and  citrate 
is  the  very  low  absorption  rate  of  jxilyvalent  ions.  Phenol  red  (phenol- 
sulfonthalein)  is  an  example  of  a  charged  molecule  of  motlerate  moleddar 
weight  (Figure  27)  which  is  not  absorbed  by  the  small  intestine  of  the 
rat.  flogben,  Schanker,  .Shore,  and  their  collaborators^-’ *“•*' *”■*• 
106,108  Pave  recently  jmblished  a  series  of  pajjers  illustrating  this  jirincijde 
very  clearly.  Singly  charged  acids  with  a  jjK  below  4  and  bases  with  a  pK 
above  9  are  poorly  absorbed  from  the  small  intestine  or  colon. 

d'he  conclusion  is  that  the  intestinal  epithelium  is  a  highly  effective 
barrier  for  diffusion  of  a  wide  variety  of  substances,  especially  those  that 
are  charged  or  of  high  molecular  weight.  1  he  apjjarent  exceptions  to 
this  generalization  profiably  involve  specialized  and  usually  highly  spe¬ 
cific  mechanisms  which  abscjib  biologically  important  substances. 


MEMBRANE  PERMEABILITY  TO  WATER 

.\s  early  as  19.^5  Jacobs^-  pointed  out  that  osmosis  and  diffusion 
are  different  in  jiiinciple  although  the  two  phenomena  show  tcjrmal  simi¬ 
larity.  It  a|)jx’ars  that  under  some  conditions  the  behavior  of  water  can 
Ijest  be  explained  by  a  bulk  flow,  llevesy,  lloier,  and  Krogh*^'®*^  found 
that  with  frog  skin  the  ratio  of  the  flux  rates  of  DoO  in  the  two  directions 
was  considerably  greater  than  the  thei inociv namic  activity  ratio  for  water 
across  the  membrane.  Similar  discrej>ant  ies  have  been  found  in  other 

67,  87,  94,  109,  122 
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The  concept  ol  bulk  (low  of  fluid  can  be  illustrated  in  the  case  of  a 
membrane  permeable  to  water  but  not  to  solute  molecules  (Figure  28). 
Jn  this  figure,  taken  from  the  paper  ol  Ussing  and  Andersen,*^®  we  may 
consider  what  hap|X“ns  at  the  right-hand  side  of  the  w^ater-filled  pore 
where  water  and  solution  meet.  Fhere  will  be  a  tendency  for  the  water 
to  diffuse  from  higher  activity  (in  pure  water)  to  the  lower  activity  in 
the  solution.  Fhis  diffusion  of  water  across  the  dotted  line  wall  cause 
a  hydrostatic  flow  of  fluid  down  the  cylindrical  j)ore.  This  hydrostatic 
flow  will  be  projiortional  to  the  fourth  power  of  the  radius  (Poiseuille’s 
law)  whereas  diffusion  is  projioriional  to  the  stptare  of  the  radius. 
Pappenheimer'’'’  and  Ussing®^*  proposed  the  ingenious  idea  of  combin¬ 
ing  Kick’s  and  Poiseuille’s  eijuations  in  a  manner  that  makes  it  possible 
to  determine  the  j>ore  size  under  certain  conditions. 

\hsscher  et  al.^22  ha^•e  found  discrepancies  between  flux  ratios  of 
1)20  and  osmotic  gradients  across  the  small  intestine  similar  to  those 
fountl  in  the  tissues  mentioned  above.  Their  experiments,  performed 
before  these  principles  were  aj^preciated  by  most  investigators,  were 
interpreted  in  terms  of  a  “fluid  circuit”  theory,'^®' although  it  is  now 
clear  that  their  data  is  consistent  with  the  type  of  hydrodynamic  flow 
found  in  other  cells. 

Influence  of  Bulk  Fluid  Movement  on  Solute  Movement 

Tnder  certain  conditions  bulk  fluid  movement  tvill  “drag”  small 
solute  molecides  through  the  pores  in  the  moxing  stream.  This  has  been 
demonstrated  ipiiie  clearly  in  the  case  of  toad  skin.  Ussing  and  .\nder- 
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sen^i®  ha\e  shown  tliat  \ asopressin,  which  increases  osmotic  flow  of 
fliiitl  from  outside  to  insitle  the  skin,  also  increases  the  rate  of  passage 
of  thiourea  and  acetamide  in  the  same  direction.  SoKent  drag  might 
lie  exerted  on  ions  as  well  as  nonelectrolytes  and  might  cause  measurable 
electrical  j>otentials. 

As  hnlk  fl(iw  ot  fluid  undonbtedly  occurs  in  the  intestine,  one  might 
expect  to  find  examples  of  solvent  “drag”  on  solute  molecides  during 
intestinal  absorption.  The  inteiesting  experiment  of  Fisher-^  may  lie 
an  example  in  jjoint.  He  showed  that  increased  fluid  movement  across 
rat  intestine  i)i  x'ityo  was  associated  with  a  large  increase  in  the  movement 
of  urea,  creatinine,  and  mannitol  across  the  gnt  wall.  .\  reverse  effect 
is  the  rediution  or  abolition  of  glucose  transport  in  hamster  intestine 
in  xntro  by  forced  fluid  movement  in  the  opj)osite  direction  (produced 
by  hydrostatic  jiressnre).^'^*^  One  explanation  for  this  is  that  the  glucose 
molecules  were  unable  to  “swim  against  the  current”  during  massive  bulk 
flow  of  fluid  in  the  opposite  direction. 

.\n  effect  of  bidk  flow  on  an  ion  movement  is  illustrated  by  (11  ~  flux 
measurements  of  Cooperstein  and  Brockman. .Although  the  flux  rates 
for  Cll“  were  very  similar  in  ojjjjosite  directions  across  the  ejnthelium  of 
dog  colon,  there  was  a  distinctly  greater  flux  from  blood  to  lumen  during 
secretion  and  the  opjxisite  during  net  fluid  absorj)tion.  d'hese  authors 
interpret  their  data  to  indicate  solvent  “drag”  on  the  (11  “.  (lonsiderably 
more  experimental  ev  idence  is  necessary  to  make  certain  that  the  prev  ions 
deductions  are  correct.  It  is  jirobably  true,  however,  that  bulk  fluid 
movement  is  of  greater  impoi  tauce  than  was  previously  believed. 

ACTIVE  TRANSPORT 

Simple  jiassivc  diffusion  probably  cannot  provide  any  cell  with  all 
its  nutrients  or  maintain  the  necessary  intracelhdar  ionic  environment 
rec|nirecl  for  survival.  .All  living  cells  have  clcveloj)ed  special  mechanisms 
for  the  translocation  of  various  c-ssential  snbstaiices  across  the  cell  mem¬ 
branes.  I'he  special  function  of  the  small  intestine  is  the  rapid  and 
efficient  absorption  of  the  many  nutrients  recjuired  by  all  the  organs 
of  the  body.  As  the  rate  of  diffusion  of  most  water-soluble  (and  lipid- 
insoluble)  substances  is  rather  slow,  more  efficient  mechanisms  arc  rc- 
(|uirecl  to  provide  the  large  amount  of  foodstuffs  necessary  for  an  active 
organism. 

A  cpialitative  comparison  of  the  relative  im|)ortancc  of  passive  diffu¬ 
sion  and  active  transjjort  in  intestinal  absorj)tion  is  shown  in  I  able  7. 
'Ehe  fluid  and  electrolyte  load  of  the  small  intestine  of  an  adult  human 
consists  of  a|)proximateIy  7  liters  of  a  solution  (approximately  iso-os¬ 
motic)  whose  predominant  ions  arc  sodium  ami  chloride,  about  I.,") 
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Table  7.  CIomi’aka 1 1\ r  l.MroRiANf  i  ok  Acini  Ikansi’oki  and  I’ASsni  Dikifsion  in 

1 N  I  KS  ri  N  A  L  A  BSO  l<  I*  1 1 0  N 


SI'BSTANrK 

KRACrrON  ARSORBI  1)  lO 

AtaUK,  IRANSrORT 

PROBABI  I  I  I  I  I  CT  OF  RKMOVAI.  OF 

TRANSI’ORT  SI  KM 

NaCl  (and  H/))* 

\  eiy  laige 

Death  fiom  deindration  in  a  day 
or  two  (without  replacement) 

(ducose 

Large 

Malnutrition  (pins  diarrhea) 

Amino  acids 

Large 

Malnutrition 

Fats 

Large 

Steatorrhea,  malnutrition 

\  itamins 

Little  or  none 
(except  Bj2) 

U  vitamins:  little  eliect  (excejit 
lij.,  whose  lack  results  in  perniciotis 
anemia) 

Fat-soluble  vitamins:  unknown 

Xiicleic  acid 
dcM  ivatives 

Little  (except 
uracil  anti  thymine) 

Little  elfect 

*  It  is  assumed  tliat 

salt  is  actively  transported 

and  H2O  follows  osmotically. 

liters  oi  solution  being  tlerixed  Ironi  the  diet  and  5.5  liters  from  gastro¬ 
intestinal  secretions.  When  the  active  resorptive  process  of  the  small 
intestinal  epithelium  is  seriously  impaired  by  such  agents  as  massive 
radiation  or  bacterial  infection,  the  loss  of  fluid  and  electrolytes  niav 
be  so  severe  as  to  cause  death  by  dehydration  in  a  day  or  two  unless 
replacement  therapy  is  tpiickly  instituted. 

d  he  efficiency  of  diffusion  in  the  absorjnion  of  carbohydrates,  amino 


acids,  and  fats  is  presumed  to  be  poor  although  little  specific  data  is  avail¬ 
able  for  such  an  estimate,  ft  is  known  that  sugars  not  actively  transported, 
such  as  xylose  and  arabinose,  are  jioorly  absorbed  and  can  catise  diarrhea 
if  given  to  human  subjects  in  doses  of  25  to  50  gm.  Diarrhea  in  such 
cases  is  due  to  fecal  loss  of  water,  osmotically  associated  with  the  unab¬ 
sorbed  sugar.  C;orii5  noted  that  rats  fetl  arabinose  developed  diarrhea 
within  two  to  three  hours  while  animals  fed  similar  amounts  of  glucose 
or  galactose  absorbed  the  sugars  and  never  develojied  diarrhea.  In  vitro 
the  small  intestine  transports  sugars  10  to  20  times  faster  than  the  rate 
of  diffusion.  It  may  be  coucluded  that  dillusion  alone  can  account  for 
the  absorption  of  only  a  fraction  of  ingested  ghuose.  .Vlthongh  there  is 
no  specific  data  for  amino  acids  and  fats  from  which  a  calculation  could 
be  made,  it  is  tpiite  proliable  that  without  the  active  transport  systems 
se\ere  nutritional  deficiencv  would  result. 

1  he  teim  active  transport  has  olten  been  used  to  designate  any 
jirocess  that  ajiiieared  to  be  imonsistent  with  the  laws  of  simple  diffusion. 
In  lecent  yeais  there  has  been  an  attempt  to  restrict  the  term  to 
plot  esses  in  wliitli  a  substaiue  mo\es  across  a  membrane  against  an  ei^cU 
(fiemual  gradient,  anti  t oiisetpiently  ret]uires  energv  supplied  lyw^^ 
metabolism.^''  'ir,  i- thermore,  there  must  be  a  direct 
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relationship  between  the  energy  supplied  and  the  transport  work,  per- 
formed.  I'his  general  tlefinition  of  active  transjjort  as  “ujdiiU”  inov'ement 
against  an  electrochemical  gradient  retjniring  exjxmditnre  of  energy 
will  be  used  in  this  discussion.  It  is  obvious  that  when  dealing  with 
charged  ions  the  electrical  j)otential  difference  across  a  membrane  must 
be  consitlered. 

'I'o  indicate  the  large  number  of  substances  absorbed  by  special 
trans|x>rt  mechanisms  a  tentative  list  is  given  in  d'able  8.  Excellent  evi- 
tlence  is  available  for  the  active  transport  of  some  sidistances  such  as 
certain  sugars  and  i.-amino  acids,  while  only  incomjjlete  data  are  avail¬ 
able  for  Fe"^^  and  .S()4  =  .  In  the  case  of  long-chain  fatty  acids,  diffusion 
may  be  involved  in  entrance  into  the  epithelial  cell  and  some  secretory 
j:)rocess  may  be  responsible  for  the  exit  of  the  triglyceride  particle  from 
the  base  of  the  cell.  Other  coiujjounds  will  undoubtedly  be  added  to 
this  list  in  the  next  few  years. 


Table  8.  .Active  Transport  of  Si  bstances  by  the  Intestine  and 
I.OCAIION  OF  .Maximc.m  Absorpuon 


l,Ot:AIION  OF  ABSORPTIVE  CAPACITY 

substance 

S.MAI.I.  INTF:.SriNE 

COI.ON 

UPPER* 

-MID 

LOWER 

A  bsorptioii 

.Sugars  (glucose,  galactose.  etc.)26,  27 

-f  -F 

+  +  + 

+  + 

0 

Neutral  amino  acitls82,  77,  138 

+  + 

+  +  + 

+  + 

0 

Basic  amino  acids-^0 

+  -F 

+  + 

+  + 

? 

Betaine,  dimethvglycine,  sarcosine'^l 

+  + 

+  + 

+  + 

? 

(iamma  globulin  (newborn  animals)*^ 

-F 

+  + 

-F  +  + 

? 

Pyrimidines  (thymine  and  uracillio.l 

+ 

+ 

? 

? 

Iriglycerides^ 

+  + 

+  + 

-F 

? 

Fatty  acid  absorption  and  conversion 

-1 — 1 — F 

+  + 

+ 

0 

to  triglyceride22.  60 

Bile  salts'O 

0 

+ 

+  +  + 

X'itamin  B,.,T  IT  95,  113 

0 

+ 

+  +  + 

0 

\a  +  92,  123,  “l7 

+  E  + 

H — F 

+  +  + 

+  +  + 

11  (and  (>i  ll(;().,~  set  tel  ion)  13,  23.  i)2,  1.32 

0 

+ 

+  4- 

H — F 

Ca  +  +  102 

+  H — F 

+  + 

+ 

? 

+  +  24 

+  +  + 

H — I" 

+ 

? 

Cl  -92 

+  +  + 

*+■  + 

-f 

0 

S()4=134 

+  + 

+ 

0 

? 

Secretion 

K-18 

0 

0 

+ 

+  + 

H  (and/or  IlCOg"  ahsorption)l3.  23,  92.  132 

+  + 

+ 

0 

0 

Si'  +  +1 24 

0 

0 

+ 

? 

Cl~  (under  special  conditions)!  14 

+ 

? 

? 

? 

1-93 

0 

+ 

0 

0 

riie  references  given  deal  priinarilv  uitli  tlie  effect  of  location. 

*  l’|)per  small  intestine  refers  primarily  to  jejnnnm,  altliougli  the  dnuilennm  is  similar 
in  most  cases  studied  (with  the  notable  exception  that  the  diKHleniim  secretes 
and  sfmws  little  net  ahsoiption  or  sc-cretion  of  NaC.l). 
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Nonelettrolvles 

1  he  simplest  case  ol  acti\e  transport,  Irom  a  theoretical  point  of 
\ie\v,  is  the  ino\einent  of  an  unchargetl  molecule,  such  as  gluccjse,  across 
a  membrane  against  a  concentration  gradient.  In  this  case,  the  electrical 
potential  dilferences  across  the  membrane  need  not  be  considered.  Fig¬ 
ure  29  shows  the  absor]>tion  of  glucose  across  isolated  small  intestine  in 
the  hamster.  Cioncentration  gradients  of  over  a  hundredfold  can  easily 
be  demonstrated  in  this  jjrejjaration.  In  fact,  the  maximum  concen¬ 
trating  power  of  the  small  intestine  has  never  been  determined,  as  the 
concentration  of  glucose  on  the  mucosal  side  often  falls  to  levels  indis¬ 
tinguishable  from  zero.  .Anaerobically  the  transjjort  is  completely  abol¬ 
ished. 


SEROSAL  SIDE 

MUCOSAL  SIDE 


Figure  29.  Active  transport  of  glucose  by  hamster  intestine  in  vitro  and  its  inhibi¬ 
tion  anaerobically.  Everted  sacs  of  hamster  intestine  incubated  with  initially  the  same 
concentration  of  glucose  on  both  sides  of  the  gut  wall,  for  1  hour  at  37‘C  AVilson  and 
Wiseman:  J.  Physiol.,  123,  1954.) 


Although  the  adult  intestine  recjuires  aerobic  pathways  of  metabolism 
to  provide  energy  for  transport  processes,  the  fetal  intestine  can  function 
satisfactorily  anaerobically  if  glucose  is  provided  for  glycolysis.  Intestine 
from  fetal  or  newborn  rabbits  can  transport  sugars  and  amino  acids 
anaerobically.133  yi^ure  30  shows  that  the  capacity  to  transport  histidine 
anaerobically  is  largely  lost  during  the  first  w^eek  of  life. 


It  has  not  been  {lossible,  thus  far,  to  determine  the  energy  required 

for  a  single  transport  process  in  the  small  intestine.  The  minimal  energy 

required  from  a  thermodynamic  point  of  view  for  glucose  transport 

in  vitro  may  be  calculated  to  be  roughly  1  per  cent  of  the  total  enertry 

proc^uced  by  the  cell,  d  he  efficiency  of  the  process,  however,  is  not  knowm. 

n  the  one  cell  in  which  energetics  have  been  studied  (E.  coli)  one  mole 

of  A d'P  is  apparently  recpiired  tor  the  transport  of  one  mole  of  sugar,^^ 

an  exceedingly  inefficient  process  viewed  from  the  thermodynamic  stand¬ 
point. 
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Figure  y).  Aerobic  aiul  anaciobic  tiaiis|)oi  t  of  i -liistidine  bv  ial)l)it  intestine. 
Kverted  sacs  of  ial)bit  intestine  incid)ated  with  5  m.\I.  L-histidine  .solution  on  botli 
sides  of  the  wall  for  1  hour  at  37°^.  (Wilson  and  Lin:  .\ni.  J.  I’hysiol.,  199,  1960.) 


.Although  luovenieut  against  a  concentration  gratlient  is  ilie  most 
important  criteiion  for  active  transport,  there  are  other  jjhenomena 
e\j>ected  in  sitcli  a  system.  .Some  of  these  are: 

a.  Inliibition  ol  transjjort  witli  inhibitioti  ol  energy-yielding  reac¬ 
tions. 

1).  Saturation  jdtenomena  (K„,). 

c.  (lomjietitive  inhibition  with  similar  tompoittids  that  have  a  com¬ 
mon  jxithway. 

d.  Inhibition  at  low  temperattire. 

The  absent e  ol  transpoit  wheti  energy-yielding  reat  lions  are  inhibited 
is  the  most  useiul  ancillary  phenomenon  associated  with  adive  transjjort. 
I  bis  helps  to  distinguish  laciliiated  dillusion  trom  active  transport,  as 
in  the  former  case  energy  from  tell  metabolism  is  not  retpiired. 

Saturation  phenomena,  when  present,  suggest  some  process  other 
than  passive  dillusion.  .\t  low  substrate  concentrations,  howeser,  acti\e 
ti  ansj>ort  is  diret  tly  propot  tional  to  (omentration,  and  tlierefot  e  similar 
in  this  respect  to  pa.ssi\e  dillusion.  Clompetiiive  inhibition,  es|)ecially 
lictween  (hemiially  similai  ( ()m])ounds,  is  freiptently  found  in  acti\e 
transport  protesses.  High  tem|Kraturc  (oefhcients  ate  always  found  in 
adive  trans|M)rt  (and  in  facilitated  dillusion)  pKxesses  although  it  is 
also  observed  in  some  cases  of  jiassive  dillusion  through  biological  mem- 
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f)ranes.  I’lic  last  three  characteristics  (b,  c,  and  d),  although  they  are 
irnariably  jiresent  in  active  transport,  cannot  be  used  to  distinguish  this 
from  otlier  tyjies  of  membrane  permeation. 

In  lecent  years  the  fiacteriologist  has  added  important  new  informa¬ 
tion  on  tlie  nature  of  certain  permeation  mechanisms  (see  recent  re¬ 
views.  Gale^^  has  shown  that  certain  gram-positive  bacteria  ac¬ 

cumulate  a  \ariety  of  amino  acids.  Specific  inducible  [>ermeation 
mechanisms  for  citrate  were  discovered  in  1953.2' jf  pathway  for 
(he  metabolism  of  a  substance  is  blocked,  the  permeation  mechanism 
sometimes  results  in  the  intracellular  accumulation  of  the  substance.  Such 
a  situation  has  been  studied  by  Afonod®^  for  thiomethylgalactosidc, 
which  will  accumulate  within  the  cell  against  enormous  concentration 
gradients.  By  a  single  mutation  it  is  possible  to  lose  or  gain  the  permea¬ 
tion  mechanism,  which  suggests  that  the  mechanism  may  involve  the 
jiarticijiation  of  a  single  protein  molecule. 


Electrolytes 


The  experimental  demonstration  of  active  transport  of  an  ion  is 
considerably  more  difficult  than  for  a  nonelectrolyte.  The  electrical 
potential  difference  across  the  membrane  is  an  additional  parameter  to 
lie  considered.  Furthermore,  the  movement  of  an  ion  such  as  sodium  is, 
under  normal  conditions,  either  in  exchange  for  another  cation  or  it  is 
atcomjDanied  by  some  anion  to  preserye  electrical  neutralitv. 

In  an  isolated  system  it  is  possible  to  simplify  greatly  the  study  of 
such  complex  processes.  For  example,  solutions  containing  only  a 
few  ions  at  knoyvn  concentrations  can  be  added  to  the  tissue.  In  addition, 
hydrostatic  and  osmotic  pressures  may  be  controlled,  thus  minimizing 
such  complicating  factors  as  sohent  drag.  In  order  to  simplify  the  elec¬ 
trical  parameters  of  the  experiment,  Ussing  and  Zerahn’^^  short-circuited 
frog  skin  and  comj)arcd  unidirectional  and  net  fluxes  of  ions  yvith  the 
electiical  current  across  the  tissue.  Such  experiments  have  been  performed 

on  guinea  pig  ileum  by  Ussing  and  ,\ndersenii«  and  on  toad  colon  bv 
Cooperstein  and  Hogben.^^ 


An  elegant  experiment  by  Cooperstein  and  Hogben  is  given  in 
I  able  9.  In  the  short-circuited  toad  colon  the  chloride  flux  was  the  same 
m  both  directions,  indicating  only  passive  movement.  In  contrast,  the 
sodium  flux  from  mucosal  to  serosal  sides  was  seven  times  that  in  the 
reverse  direction,  indicating  active  transport  of  this  ion.  Furthermore,  the 
close  (luamitativc  correspondence  betyveen  ion  movement  and  current 

generated  indicates  that  sodium  transport  is  the  major  source  of  current 
m  this  tissue. 

I  ssmgi'>  j,;,s  derived  a  useful  eipiation  to  hel|)  distinguish  betyveen 
adive  transjiort  and  passive  diflusion  of  ions.  It  descrilies  conditions 
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Table  9. 

.SiMULTANroiis  Mea-SCrfment  of  Na  + 
niFFKRENCE  ACROSS  FrO*.  LSRCF 

AND  c;l-  FmiXFS  at 
Intfsiinf,  in  Vitro 

/fro  I’OTFNTIAI. 

M  - >■  S  S 

- >■  M 

NET 

Xa+  flux 

4.26 

0.58 

3.68 

c;i-  flux 

1.45 

1.40 

0.05 

Current 

4.0 

— >-  S  indicates  mucosal  to  serosal  flux;  S  — ^  M  indicates  serosal  to  mucosal 
Ilux.  ('.urrent  and  flux  expressed  as  ^F.(j./cm.2/hr.  All  current  is  in  the  direction  M  — S. 
Modified  from  C’.ooperstcin  and  Hoghen:  J.  (ien.  Physiol.,  •/2:161,  19.59. 


tor  j)assi\e  cliHiision  ot  an  ion  across  a  iiicinbrane: 


.\l 


M 


—  _  -2-  ezFE/RT 


out 


wliere  Mjn  =:  flux  from  outside  to  inside;  Mout  —  Hux  ironi  inside  to 
outside;  ao  and  a;  are  the  chemical  activities  on  the  outside  and  inside; 
z,  the  number  of  charges;  F,  the  Faraday  number;  R,  tlie  gas  constant; 
F,  the  absolute  temj^erature;  E,  the  potential  tlifference  across  the  mem¬ 
brane.  This  equation  has  been  used  by  a  number  of  in\estigators  and 
an  example  of  its  use  will  be  given  in  Chapter  1. 

Many  other  types  of  experiments  have  been  performed  both  iti  xnvo 
and  in  vitro  which  strongly  suggest  active  transport  of  a  number  of  ions 
by  the  small  intestine.  However,  in  our  present  state  of  ignorance  con¬ 
cerning  the  influence  of  factors  such  as  diffusible  and  nondiffusible  ions, 
osmotic  and  hydrostatic  fluid  movement,  etc.,  the  most  satisfactory  proof 
of  active  transport  must  be  derived  from  isolated  tissues  bathed  with 
simple  solutions,  and  with  control  of  electrical  jiarameters. 


Mechanisms  of  Transport 

1'rapping  Rfaction.  One  of  the  simplest  methods  of  increasing  the 
rate  of  movement  of  a  substance  across  a  membrane  is  to  reduce  its 
concentration  on  the  opposite  side  of  that  membrane  by  converting  it 
into  a  second  substance.  Fhe  latter  is  commonly  accomplished  by  con¬ 
verting  the  compound  into  a  nondiffusible  form.  ,\n  example  of  the 
trapping  reaction  is  the  conversion  of  CO2  within  the  cell  to  carbohydrate 
or  the  conversion  of  a  compound  into  a  phosphorylated  derivative.  The 
uptake  of  many  small  molecules  into  cells  is  carried  out  in  a  similar 
manner. 

.\n  example  of  this  type  might  be  found  in  the  intestinal  absorption 
of  nucleosides.  Many  nucleosides  diffuse  into  the  epithelial  (ells  of  the 
small  intestine  where  they  are  (onverted  into  the  corresjKinding  free 
base^'^'^  and  presumably  ribose- (or  deoxyribose)  I-phosj)hate.  I'he  nucleo- 
side-phosphorylase  reaction  produces  one  product,  ribose- 1 -phosphate, 
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which  is  iioiKlillusible  and  presunial>ly  would  be  metabolized  by  the  cell. 
1  he  rediued  concentration  of  nucleositle  within  the  cell  presumably 
lacilitates  lurther  entraiue  ol  the  substance  Irom  the  intestinal  lumen. 
It  must  be  admitted  that  this  example  has  not  been  explored  in  detail 
but  it  illustrates  a  j>otential  mechanism  ol  intestinal  absorption. 

Diifkrknttal  Pkrmkabilit V.  Under  certain  conditions  the  meta- 
liolic  alteration  ol  one  substance  into  another  can  be  used  to  provide  a 
dri\ing  lorce  lor  an  increased  rate  ol  dillusion  ol  a  substance  across  a 
cellular  membrane  such  as  the  intestinal  epithelium.  Let  us  consider  the 
case  ol  substance  A  which  dilluses  Irom  the  lumen  ol  the  intestine  into 
the  epithelial  cell  where  it  is  converted  into  compound  B,  another  small, 
diliusible  molecule.  One  might  suppose  that  compound  B  would  then 
difluse  out  ol  the  cell  in  both  directions.  II,  on  the  other  hand,  the  cell 
membrane  at  the  basal  pole  ol  the  cell  were  much  more  permeable  than 
the  lirush  border  end  ol  the  cell,  compound  B  would  move  preferentially 
across  the  serosal  border.  Dilierential  permeability  ol  two  membranes  ol 
a  cell  was  discovered  by  LeaF^  to  account  lor  the  preferential  movement 
ol  lactic  acid  from  the  epithelial  cells  of  the  toad  bladder  to  the  serosal 
side.  By  direct  experimentation  Leaf  was  able  to  demonstrate  that  the 
serosal  border  ol  the  cell  was  14  times  as  permeable  as  the  cell  membrane 
on  the  opposite  pole  of  the  cell.  Although  such  measurements  have  not 
been  made  in  the  small  intestine  it  is  of  interest  to  see  whether  this 
hypothesis  might  explain  some  otherwise  anomalous  data.  In  Table  10 
are  shown  a  number  of  cases  in  which  a  compound  enters  the  epithelial 
cell  fiom  the  lumen  and  is  converted  to  another  chemical  compound, 
which  then  leaves  the  cell  preferentially  on  the  serosal  side.  In  the  first 
five  examples  given  in  Table  10  the  metabolite  produced  within  the  cell 
could  not  be  actively  transported  from  the  mucosal  to  serosal  side  against 
a  concentration  gradient.  As  these  compounds  accumulate  on  the  serosal 
side  only  when  jnoduced  within  the  cell,  the  differential  permeability  of 


Table  10. 


PossiBi.f.  Kxampi.ks  ok  Iransi’ori  I  hroik.m  “Differkn  iiai 


1‘frmeabu.itv” 


COMPOUND  ENTT.RIN'j; 
EPITHEEI  AI.  cei  e 
A 


(ilucose 

(■111  cose 
Fructose 

I  liyroxiii  analogues 
Amino  acids 
Fi  uctose 
(■lutaniate 
Aspai late 


METABOEIC  PRODUCT 
EF.AVENC  EPITHELIAE 
CEEE 
R 

Lactate 

Pyi  uvate 
Lactate 

(■lucuronide  cleric  at  ice 
Keto  acids 
Glucose 
Alanine 
Alanine 


OBSERVED  CONCENTRATION 
RATIO  OF  B 


SEROSAL 

CONCN. 

MtICOSAE 

CONCN. 

2  10 

(129,  137) 

12 

(131) 

— 

(66) 

2  14 

(35) 

2  4 

(125) 

10 

(135) 

2-5 

(139) 
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tlie  nieinhranes  at  tlie  two  jioles  ol  tlie  cell  niif'lu  explain  their  asymmetri¬ 
cal  (listi  ihution.  In  the  last  three  examples  in  the  table  the  produc  t  within 
the  cell  (glucose  or  alanine)  is  a  comjjonncl  lor  which  the  cell  possesses  an 
active  transporting  jirocess  capable  ol  transler  Irom  lumen  to  blood 
agaiiist  a  concentraticjii  gradient.  Recent  experiments, hcjwever, 
indicate  that  the  trans]K)rt  piocess  is  resti  ictetl  to  the  cell  membrane 
lacing  the  intestinal  lumen.  .\  substance  such  as  ghiccjse  within  the  cell 
coidd  not  be  allected  by  this  membi ane-transjK)rt  system  unless  it  leaked 
back  intcj  the  lumen  Irom  which  it  could  then  be  transjiortecl.  .Mthough 
this  possibility  cannot  be  excluded  in  the  exjjeriments  under  considera¬ 
tion,  dillerential  permeability  would  seem  a  reasonable  exj^lanation  lor 
the  jnelerential  movement  ol  intracellular  glncose  or  alanine  across  the 
serosal  border  ol  the  cell.  .Similar  ptelerential  nio\ement  ol  a  variety  of 
amino  acids  of  endogenous  origin  is  seen  when  an  everted  sac  of  rat  or 
hamster  intestine  is  incubated  in  solutions  free  of  amino  acids. 

Membrane  Carrier.  One  of  the  most  attractive  theories  acccjunting 
for  membrane  transport  is  the  membrane  carrier  hyjjcjthesis.  I  his  hypo¬ 
thesis  states  that  a  sid)stance  approaches  the  outer  surface  of  the  cell 
membrane  and  reacts  with  a  cell  wall  cc^mpcjnent.  d'he  substrate-carrier 
ccjinplex  then  moves  acrcxss  a  [lermeability  barrier  and  releases  the  com¬ 
pound  on  the  inner  surface  of  the  membrane.  .\  large  number  cjf  sj)ecu- 
lations  have  been  made  concerning  the  tyj)e  of  chemical  bonds  possibly 
involved  in  the  substrate-carrier  comjdex  and  the  type  of  movement  the 
complex  might  imdergo  to  mo\e  across  the  permeability  barrier. 

One  of  the  few  sj)eculations  about  a  specific  chemical  reaction  that  is 
supported  by  experimental  data  is  the  phosj>haticlic  acid  hy|)othesis  lor 
sodium  ion  transport  recently  jnoposecl  by  Ilokin  and  Hokin.^^  'I'hese 
authors  have  amassed  au  imjiosing  array  of  data  \\'hich  supjiort  their  view 
that  sodium  ion  reac  ts  with  jjhosjjhaticlic  acid  at  one  side  of  the  membrane 
to  produce  its  sodium  salt  which  in  turn  moves  through  a  lipid  aiea  ol 
membrane  to  the  ojjjjosite  border  of  the  membrane  where  the  ion  is 
released  into  the  acjueous  medium.  Two  specific:  en/ymes  are  involved  in 
the  breakdown  and  resynthesis  of  the  carrier  molecule  (Figure  .SI). 

FAC  ILITATED  DIFFIKSION 

Fhe  term  “facilitated  diffusicjii”  was  coined  by  l)anielli“*  to  de¬ 
scribe  a  carrier-mediated  transport  jihenomenon  in  which  the  rate  ol 
attainment  of  diffusion  ecjiulibrium  is  greatly  accelerated  although  no 
direct  expenditure  c^f  euergy  is  rec|uired.  Fhe  lunclamental  distiuction 
between  this  jnocess  and  active  tians|)ort  is  the  lack  of  movement  against 
an  electrochemical  gradient  in  the  former.  Facilitated  ditlnsion,  however, 
has  some  characteristics  similar  to  those  of  ac  tive  transj)oi  t,  sue  h  as  satura- 
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Figure  ?/.  A  scheme  for  tlie  pai  tieiiratioii  of  phosphatidic  acid  as  carrier  foi  the 
active  transport  of  sodium  ions  across  the  membrane  of  the  salt-secreting  cell.  ATP, 
adenosine  triphosphate;  DG,  diglyceiide;  DG-kinase,  diglyceride  kinase;  PA,  phosphatidic 
acid;  PAP-ase,  phosphatidic  acid  phosphatase.  (Hokin  and  Hokin:  I.  Gen  Physiol 
■/•/,  HihO.)  ■  '  ■ 


lion  jjlienoniciion,  conij)etitive  inhibition  by  related  compounds,  and 
a  high  Qio-  In  two  carefully  studied  examples  in  the  erythrocyte  (glycerol 
and  glucose  jjermeation),  the  rate  of  movement  across  the  cell  membrane 
by  diffusion  is  stimulated  a  hundred-  or  a  thousandfold  by  the  presence 
of  this  special  carrier-transjKirt  mechanism.  Present  knowledge  of  this 
process  stems  largely  from  observations  by  Jacobs  that  erythrocytes  of 
certain  species  possess  a  sjiecial  prcjcess  for  glycerol  permeability^i  in- 
hibited  by  traces  of  co ji j ss  comj>etitively  inhibited  by  ethy¬ 
lene  glycol.5fi  Other  workers  on  this  glycerol  system^.  7, 7-4. 112 
gested  certain  chemical  groups  lor  the  active  site.”’  Fhese  observations 
were  extended  to  sugar  permealiility  in  the  human  erythrocvte  bv 
I.el-evre”- '5  and  others’^G  127  present  this  system  is  the  mo.si 

carelully  studied  example  of  facilitated  diffusion. 

Although  there  are  undoubtedly  a  numlier  of  examjiles  of  this 
phenomenon  in  the  small  intestine,  only  one  has  lieen  exjilored  with 
this  siKTific  jKxssibility  in  mind.  Recently  Salomon,  Allnms,  and  Smith””’ 
have  offered  evidence  that  the  intestinal  absorption  of  n-xvlose  is  not 
•lirough  simple  passive  diffusion  but  through  some  type  of  carrier-medi¬ 
ated  process.  I  heir  most  convincing  experiments  are  of  two  tviies  7'he 
hrst  established  the  fact  that  glucose  inhibits  xylose  absorption:  an  effect 
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not  consistent  with  simple  difFiision.  1  he  second  experiment  was  a  study  of 
the  effect  of  glucose  on  a  j)reviously  established  dilfusion  ecjuilihrium  of 
xylose  across  the  intestinal  wall.  In  the  latter  experiment  glucose  added 
to  the  mucosal  side  of  an  everted  sac  of  hamster  intestine  jjreviously 
etpiilibrated  with  xylose  resulted  in  the  movement  of  xylose  in  the  oppo¬ 
site  direction  from  glucose.  This  transient  “counter  flow”  of  xylose 
apparently  occurred  against  a  concentration  gratlieiu.  Exchange  of 
xylose  on  one  side  of  a  membrane  for  glucose  on  the  other  has  been 
observed  in  the  erythrocyte.^'- Similar  exchange  phenomena  are  known 
to  occur  in  the  ascites  tumor  cell'''''  and  renal  tubule."-^  I’here  is  as 
yet  too  little  data  to  decide  whether  xylose  has  a  ^ery  weak  affinity  for 
the  active  sugar  transjjort  system  or  whether  there  is  a  second  distinct 
transport  system  shared  by  xylose  and  glucose. 

Recent  studies  of  Cirane,  Miller,  and  Bihler'"  suggest  that  there  is 
a  facilitated  diffusion  type  of  mechanism  in  the  intestine  available  for  the 
sugar  6-deoxy-l,5-anhydro-i)-glucitol.  .Mthough  the  comjiound  is  not 
actively  transported  across  the  intestine  or  accumulated  within  the  epithe¬ 
lial  cells,  its  entrance  into  the  epithelial  cell  is  inhibited  by  jjhlorizin  and 
stimulated  by  sodium  ions.  Such  behavior,  which  cannot  be  accounted  for 
by  simple  diffusion,  may  be  explained  by  some  type  of  carrier-mediated 
transport  system,  perhaps  similar  to  that  described  above  for  xylose. 

There  are  membrane  trans|>ort  systems  for  ions  with  some  of  the 
pro{>erties  discussed  in  this  section  on  facilitated  diffusion.  One  such 
system  was  studied  in  muscle  by  Levi  and  llssing'"  and  labeled  “ex¬ 
change  diffusion.”  Cioo|X}rstcin  and  Hogben''^  have  found  this  type  of 
phenomena  for  Cl~  in  the  isolated  frog  large  intestine. 


PINOC:VTOSIS 

Phylogeneticallv  the  most  j>rimitive  mechanism  for  ingestion  of 
food  is  the  proce.ss  of  engulfing  particles  or  dissolved  materials  by  a 
process  of  vesiculation.  I  his  phenomenon  is  prominent  not  only  in 
amebas  but  in  many  higher  animals.''"'  In  the  embryonic  lile  of  mam¬ 
mals  ontogeny  recapitulates  j)hylogeny  with  respect  to  this  primitive 
absorption  mechanism. 

It  has  been  recognized  for  many  years  that  cells  of  the  gastrointestinal 
tract  in  some  animals  arc  frankly  phagocytic  and  digestion  of  foixl  can 
be  followed  within  the  food  vacuoles,  (lertain  flatworms,  such  as  jilanaria, 
are  especially  clear  examples  of  this  tyjx-."'^-  Such  jihagocytosis 

is  associated  with  intraiellular  digestion  of  large  molecules.  It  is  beliesed 
that  in  evolution  this  intracellular  digestion  preceded  extracellulai 
digestion.""  Many  workers  have  presumed  that  the  higher  animals,  whose 
digestis'C  processes  arc  apparently  exclusively  extracellular,  ha\e  com- 
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pleiely  lost  the  capacity  to  take  up  substances  by  \esiculatioii.  Jn  the 
jiast  lew  years  it  has  become  clear  that  the  intestinal  cells  ol  the  mannnal 
do  in  [act  jiosscss  the  ability  to  absorb  certain  substances  by  pinocytosis. 

Particulai  ly  bcautilul  jdiotomicrograjihs  lor  the  demonstration  ol 
]jinocytosis  have  been  published  by  (dark‘s  who  has  studied  protein 
and  jiarticidate  absorption  by  suckling  mice  and  rats.  Direct  continuity 
between  suiiace  membrane  and  piiiocytotic  \esicle  is  shown  in  Figure  32. 
These  dramatic  morjihologii al  changes  were  stimulated  by  particulate 
matter  or  proteins  led  lo  suckling  animals  during  the  first  18  days  of 
life,  after  which  time  they  comjiletely  disappeared.  It  has  been  known  for 
35  years  or  more  that  large  amounts  of  intact  jjrotein  were  absorbed  by 
newborn  animals  of  a  number  of  sjiecies  and,  furthermore,  that  material 
resembling  colostrum  could  be  found  in  large  vesicles  in  the  epithelial 
cells.’^°  'The  importance  of  these  findings  was  appreciated  only  in  recent 
years  when  the  relation  of  this  phenomenon  to  j^assixe  immunity  was 
recognized. 

Another  recent  observation  is  that  of  Barrnetf^  xvho  found  that 
duodenal  cells  of  the  rat  engulfed  insoluble  dye  j^articles  by  a  process 
morphologically  identical  to  true  pinocytosis  (Figure  33).  Sanders  and 


I’iiUKAtosis  1)V  inlestinal  c])ithc‘lial  cell  of  snckl 
ami  the  tissue  leinovetl  aftei  1  hom  X  uo  | 
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Figure  •  AI)S()r|)ti()n  of  insoluble  (l\e  pariidcs  1)\  lat  (iuodfiumi.  Ai)|)i o\imatcly 
X  liO.OOO.  (Flee  tioi'inicroffi  aj)!)  kiiulb  ])ro\i(k  (l  l)\  Dr.  R.  liari  nett.) 


liave  denioii.stratccl  jKiiiic iilaie  absoi jHion  in  a  most  un- 
e(|uivocal  fashion,  d  hey  fed  latex  splieres  ol  about  1000  to  2000  .\°  in 
diameter  to  mire  and  demonstrated  tliese  paitides  witliin  \esi(les  in  the 
jejunal  ejjithelinm.  I'urthermore.  these  sjjheres  were  disthari>etl  into  the 
lymjjhatic  \essels  and  latei  lonnd  in  many  tissues  ol  the  l)od\.  esperially 
li\ei  and  kidney.  I’alay  and  Kailin^^  have  jaesentetl  evideiuf  that  tri- 
olycerides  are  absorbed  by  pinot  ytosis.  I  heir  election  mi(ros(()|)e  jiic  lines 
show  lipid  droplets  between  the  mirroxilli  and  iKtasionally  at  the  base  ol 
the  mieroxilli.  'The  droplets  are  next  seen  in  the  apical  cyto|)lasm  ol  the 
cell  enclosed  in  endoj>lasmic  retienhnn.  d  he  small  droplets  ap|)eai  to 
coalesce  in  the  sn jjiannc  leai  rej^ion  ol  the  cell  and  then  are  extruded  Irom 
the  cell  at  the  level  of  the  nnc  lens.  I’hotomic  rouraphs  ol  this  jirocess  will  be* 
lonnd  in  the  chapter  on  lat  absorption. 

rheie  is  a  remarkable  decree  ol  specificity  in  some'  ol  the  absorpti\e 
processes  believed  to  depend  on  pinoextosis.  II  most  Ii|)icl  is  absorbed 
by  pinoextosis  (xvhich  at  the  present  time  is  nncc-rtain).  this  jirocess  must 
h.ixe  considerable  capacity  to  discriminate  betxveen  lipid  soluble  and 
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uaiei -solulilc  ( oiistituents.  Furthcnnore,  certain  lijiici-solulilc  materials 
suc  h  as  hyclroc  at  bons  or  certain  steroids  are  alxsorliecl  \ery  slowly. 
Specificity  is  also  apjiaient  in  the  jii'otein-absorbint;  mechanism  of  the 
sucklini*  mouse  and  lat.  1  fomologcnrs  antibodies  are  absorbed  consider¬ 
ably  faster  than  certain  heterologous  antibodies'^-’ and,  furthermcjre, 
there  is  comjietition  between  gamma  globulins  of  different  sjiecies  for 
absorjition.  If  one  assumes  that  these  antibodies  arc  indeed  absorbed  by 
the  jhnocytotic  process,  then  certain  binding  sites  must  be  jicjstulatcd. 
Direct  c\idcnte  for  binding  sites  has  been  jrrovicled  in  the  case  o{  pinocy- 
tosis  in  the  ameba  (see  flolter^^). 

As  Avith  other  transjiort  jirocesses,  the  jjinoc  ytotic  phenomenon  seems 
to  show  predilection  for  one  jiortion  of  the  intestine.  Cilark  has  shown 
that  morjihological  changes  associated  with  jirotein  and  jjarticulate  ab- 
sorjition  are  most  marked  in  the  Icjwer  segments  of  the  small  intestine. 
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CHAPTER 


Sugars 


The  understanding  of  carbohydrate  digestion  and  absorption 
at  any  given  time  in  history  has  always  been  more  advanced  than  that 
of  other  dietary  constituents.  T  he  study  of  carbohydrates  has  been  facili¬ 
tated  by  the  fact  that  sugars  are  small,  water-soluble  molecules  which  can 
be  estimated  readily  by  specific  analytical  methods.  Furthermore,  con¬ 
siderable  information  has  been  available  on  their  chemistry  and  metabo¬ 
lism.  I  hus,  it  was  j.)ossiblc  as  early  as  18/9^®^  to  write  the  following 
(lesdiption  of  digestion  and  absorption  of  sugars!  "'There  is  reason  to 
believe  that  most  of  the  dextrose  into  which  all  carbohydrates  are  con¬ 
verted  in  digesticjn  is  absorbed  by  the  veins.” 

In  the  succeeding  eighty  years  jnogress  occurred  sjjasmodically,  with 
advances  usually  related  to  some  new  exj^erimcntal  method  or  new  idea. 
At  the  present  time  we  seem  to  be  on  the  verge  of  making  a  further  ad¬ 
vance  in  the  elucidation  of  the  biochemical  mechanism  of  absorption 
and  the  factors  in  its  control. 


CARBOHYDRATES  PRESENT  IN  THE  DIET 

Many  human  diets  contain  as  much  as  500  gm.  of  carbohvtlrate  pet- 
day,  although,  of  course,  this  figure  varies  over  a  wide  range.^  The  two 
main  tyj)es  of  dietary  carbohydrates  are  polysaccharide  and  disaccharide, 
with  a  great  variety  of  additional  glycosides  and  free  sugars  imesent  in 
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smaller  amounts.  The  e]nthelial  cells  of  the  small  intestine  are  virtuallv 
imj)ermeable  to  the  large  molecular  weight  jjolysaccharicles.  It  has  been 
reported  that  minute  quantities  of  intact  starch  grains  may  be  absorlied 
from  the  intestine  and  appear  in  the  blood  and  urine^-’  but  if  it 
occurs  it  is  (juantitati\ely  insignificant.  Neither  cellulose  nor  inulin  is 
absorbed,  as  such,  by  the  intestine.  .Although  they  cannot  be  hvdrolv/ed 
by  mammalian  enzymes,  these  comj)ounds  may  be  degradetl  by  bacteria 
in  the  stomach  of  ruminants  or  in  the  tolon'^'  of  other  animals.  There 
is  no  convincing  exidence  that  appreciable  quantities  of  starch  oi  anv 
intermediate  in  its  hydrolysis  by  amylase  (e\cej)t  maltose)  are  absorbed. 
Kven  in  the  case  of  maltose  comjKiratixely  little  absorption  (uturs  because 
of  the  extremely  actixe  maltase  and  the  relatixely  sloxv  rate  of  absorption 
of  the  disaccharide.  There  is,  hoxvever,  exidence  foi  limited  absorption 
of  disaccharides,  j)articularly  of  lactose,  of  xvhich  hydrolysis  in  the  in¬ 
testinal  lumen  is  (|uite  sloxv. 

W'atkins^'"  has  studied  lactose  absorption  in  human  subjects  bv 
estimating  the  sugar  in  the  urine  after  ingestion  of  various  (|uantities 
of  sugar.  Ih'inary  excretion  is  a  satisfactory  measure  of  absorption  if,  as 
in  the  case  of  lacto.se,  practically  no  hydrolysis  or  metabolism  ocdirs 
xvithin  the  body  and  it  is  rapidlv  excreted  in  the  urine.  He  found  that 
10  gm.  xvas  the  largest  amount  of  lactose  xvhich  could  be  fed  to  normal 
men  without  the  appearance  of  appreciable  amounts  in  the  urine.  Simi¬ 
lar  results  xvere  obtained  xvith  xvomen  in  the  intermenstrual  jK’riod, 
xvhile  20  gm.  or  more  could  be  tolerated  by  xvomen  at  the  time  of  menstru¬ 
ation  xvithout  lactosuria.  Whether  this  represents  changes  in  lactase 
content  of  the  intestine  or  changes  in  absorptive  capacity  is  not  knoxvn. 

W'ith  in  vitro  methods  it  is  jxxssible  to  comjiare  the  rate  ol  stardi 
hydrolysis  with  the  rate  of  absorjuion  of  split  products.  When  starch  xvas 
])laced  on  the  mucosal  side  c)f  hamster  intestine  in  intro  (Figure  .‘H) 
extensive  hydrolysis  occurred,  resulting  in  the  ajjpearance  of  glucose, 
maltose,  and  many  polysaccharide  fragments  of  dillerent  molec  tdar  xveight 
(sloxv  running  sj^ots  on  a  paj)er  chromatogram).  In  this  experiment  oxer 
!).5  per  cent  of  the  sugar  aj)j)earing  on  the  serosal  side  xvas  glucose  xvith 
only  a  trace  of  maltose  and  no  oligosaccharides. 

Afany  monosaccharides,  particularly  of  the  hexose  and  pentose  series, 
are  absorbed,  and  a  xvicle  variety  of  different  sugars  haxe  been  identified 
in  human  urine.'”'*  Of  the  common  natural  sugars  only  glucose  and 
galacto.se  are  absorbed  by  an  actixe  transport  jirocess,  xvhile  the  rest  are 
absorbed  either  by  some  other  type  of  carrier-mediated  trans|)ort 
or  by  passixe  diffusion.  It  shonicl  be  emphasized  that  animals  are  cajiable 
of  absorbing  consideralile  amounts  of  sugars  fix  sinq)le  diflusion. 
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I  igute  3-i.  I  apci  clii oinatograin  sho^ving  hydrolysis  of  starch  by  hamster  intestine. 
An  e\eitecl  sac  of  jejunmn  containing  2.0  ml.  of  sugar-free  solution  was  incubated  in 
5  ml.  of  a  1  per  cent  solution  of  starch  for  1  hour.  Note  that  of  all  the  starch  hydrolysis 
products  only  glucose  crossed  the  gut  wall.  (Wilson  and  \’incenl:  I.  Biol.'  Chem., 
216,  1955.) 


I)R()L^  tic;  enz\’mes  of  the  sm.\ll  intestine 

A  brief  statement  al)tjut  the  earboliydrate-s])litting  enzymes  of  the 
■small  intestine  is  appropriate.  As  starch  is  the  predominant  carbohydrate 
in  the  diets  ol  most  animals,  the  hydrolytic  enzyme,  amylase,  assumes 
considerable  importance.  Salivary  amyla.se  splits  the  1 ,4-glycosidic  link 
in  a  random  lashion  and  jirodiices  maltose,  maltotrio.se,  and,  in  the  case 
ol  amylopeciin.  .small  branched  oligosaccharides.i^s  Pancreatic  amylase 
althotigh  similar  in  many  respects,  produces,  in  addition  to  these  hvdrolvsis 
piodtK  ts.  (onsiderable  tpiantities  of  free  ghicosei^b  iss  piiese 

enzymes  are  highly  active  and  cause  extensive  hydrolvsis  of  starch  in 
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the  Upper  portion  ot  the  small  intestine.  Consitleraijle  salivary  amylase 
esta|:)es  inactivation  in  the  stomach  because  it  is  protected  by  a  bolus  ot 
food  anti  as  much  as  halt  ot  the  starch  may  be  hydroly/etl  before  it  reaches 
the  duodenum.  In  addition,  amylase  is  present  in  the  epithelial  cells  ot 
the  small  intestine,  t  he  branch  points  ot  the  amylojjectin  are  cleavetl 
by  an  en/ynie  ot  the  small  intestine,  oligo-1,  ()-«-glucosidase  (distinct  from 
the  tiebranching  enzyme  of  the  liter. Finally,  intestinal  maltase  sjilits 
the  remaining  tlisaccharitle  maltose  to  jirotluce  glucose. 

The  hydrolysis  ot  the  three  connntm  tlisaccharides,  maltose,  sutrose, 
anti  lactose,  is  carrietl  out  by  enzymes  tit  the  small  intestine.  Lactase,  or 
/:^-galattositlase,  is  highly  active  in  mammals  at  the  time  ot  birth,  anti 
tlecreases  in  activity  tluring  the  first  tew  months  ot  life  to  the  low  levels 
fountl  in  the  adult."- Maltase  anti  invertase  activity,  on  the  other 
hantl,  rise  tluring  the  first  tew  weeks  ot  life  from  very  low  levels  in  the 
newborn  animal  to  the  adult  level."  Fo  what  extent  these  changes  may 
be  tine  to  “atlaptation”  tt)  ingestetl  sugars  is  not  clear. 

few  authors  still  holtl  the  \iew  that  maltase,  invertase,  and  lactase 
are  secretetl  by  some  unitlentifietl  cells  tit  the  small  intestine  into  the 
succus  entericus  where  they  react  with  the  disaccharides  in  the  lumen. 
However,  (iajori,“*  studying  FhiryA'ella  loops  in  dogs,  showed  that 
sutrose  and  lactose  disajipear  from  the  lumen  much  more  lajiidly  than 
woultl  be  accounted  tor  on  the  basis  ot  the  hydrolytic  enzymes  found  in 
the  succus  entericus.  He  lurther  showed’®  that,  while  insignifit ant 
amounts  of  lactase  were  present  in  the  secretions,  large  amounts  were 
present  in  the  intestinal  mucosa,  emmgh  tt)  hytlrolyze  completely  the 
lacttise  tlisapjKaring  in  the  looj)  experiments,  tie  concluiletl’®  that 
lat  tose  was  not  appret  iably  aflectetl  by  the  enzyme  in  the  intestinal 
secretions  but  was  hytlrolyzed  intracellularly  or  by  “tlirect  ctintact  with 
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the  mucosa.”  J  he  eii/yme  activity  in  the  intestinal  secretions  is  ]jrohably 
entirely  Irom  destjuamatecl  ejhthelial  cells.^*’^ 

With  regard  to  the  location  ol  hydrolytic  enzymes,  there  is  histo- 
chemical  evidence  lor  localization  ol  jjhosphatase  and  lactase  in  the 
brush  border  of  the  cell.^''  Furthermore,  jjhosjdiatasc^^-^  and  nucleoti¬ 
dase*”^  aj>j)ear  tc^  be  imbedded  in  the  outer  surlace  ol  the  brush  border 
with  their  enzymatically  active  sites  lacing  the  lumen  (outside  the  per¬ 
meability  barrier  ol  the  cell  membrane).  Miller  and  (irane,*^^  on  the 
other  hand,  belie\e  that  iinertase  and  other  hydrolytic  enzymes  are  in 
the  area  ol  the  brush  bottler  but  within  the  permeability  barrier. 

A  tleficiency  oi  one  or  more  ol  these  disaccharide-splitting  enzymes 
occasionally  octurs  in  humans  and  may  be  respcjnsible  for  clinically 
im])ortant  symptoms.  Fhe  cause  of  certain  cases  of  diarrhea  and  weight 
loss  in  young  children  has  been  traced  to  the  inability  of  the  gut  to  split 
a  certain  tlisaccharide  with  consequent  excretion  of  the  unabsorbed 
sugar  with  an  osmotic  equivalent  of  fluid.  Holzel,  Schwarz  and  Sut- 
clilfe®^  described  the  first  case  of  infant  malnutrition  from  defective 
lactose  absorption.  \\"eijcrs  et.  al.*"”  studied  a  number  of  cases  with 
deficiencies  of  maltase,  in\ertase,  or  lactase.  I'he  diagnosis  was  made 
indirectly  with  a  variety  of  ingenious  methods  including  oral  tolerance 
tests  (|aj  disaccharide,  [b]  monosaccharide,  [c]  disaccharide  plus 
disaccharase)  and  fecal  and  blood  analyses  of  short-chain  fatty  acids. 

\\’hen  the  disaccharide  is  not  hydrolyzed  in  the  small  intestine  it 
enters  the  colon  where  hydrolysis  and  fermentation  by  bacteria  occurs. 
A  jiatient  lacking  invertase  passes  large  amounts  of  fatty  acids  in  the 
stool  tollowing  sucrose  ingestion,  but  not  on  a  sucrose-free  diet.  It  appears 
that  enzyme  deficiency  persists  for  many  years  (if  not  for  life)  and  that 
there  is  a  definite  familial  relationshiij,  with  more  than  one  in  a  family 

*  y 

often  affected. 

ABSORPTION  OF  SUGARS  INTO  PORTAL  BLOOD 

\on  .Mering  in  1877*'*  was  the  first  to  consider  carefully  the  relative 
imjiortance  of  the  portal  vein  and  lymjdiatics  as  routes  of  absorption. 
He  found  that  during  sugar  absorption  the  concentration  of  glucose  in 
the  portal  vein  was  the  same  as  or  greater  than  that  in  the  thoracic  duct, 
furthermore,  he  jnesented  evidence  that  the  sugars  passed  directly  into 
the  blood  vascular  system,  as  during  absorption  the  concentration  of 
ghuose  in  the  blood  leaving  the  gut  (i)ortal  blood)  was  higher  than  that 
entering  it  (arterial  blood).  Although  he  came  to  the  definite  conclusion 
that  absorption  of  sugars  was  via  the  jjortal  vein,  it  remained  for  others 
to  provide  more  coiu  im  ing  proof  of  his  hyjjothesis.**”' 'f*- is.s,  loo, 98, 97, .s 
Some  glucose  is  always  present  in  the  lymph  and  Munk  and  Rosen- 
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lecoxered  0.5  gni.  ol  su^ar  troin  the  lyiiiph  ol  a  lunnaii  sul)je(i 
alter  a  meal  ol  100  u;m.  ol  carbohydrate.  j)articularly  dear  analysis 
ol  a\ailahle  data  was  made  by  Hendrix  and  .Sweet,'**  who  (onrlnded 
that  tlie  walls  ol  the  blood  cajhllaries  and  lymph  \es,sels  were  Ireely 
permeable  to  ghico.se  and  that  the  absorjnion  ol  ghuose  by  the  j)oital 
veins  was  due  to  the  very  rajiid  How  rate  ol  blood  compared  to  that  ol 
lymph.  In  the  rat,  lor  examjile,  compare  a  splanchnic  hlootl  How  ol 
100  nd./hr.*“  with  a  thoracic  duct  How  ol  0.5  ml.  hr.‘*** 

.\n  elegant  modern  method  lor  the  study  ol  this  problem  was 
de\  ised  by  Shoemaker  et  al.*^*'  and  involves  the  introdiu  tion  ol  catheters 
into  the  ])ortal  vein.  hej)ati(  \ein,  and  s|)lenic  artery.  Ihis  method 
permits  not  only  sampling  ol  portal  blood  in  an  unanestheti/ed  dog  hut 
also  a  reasonably  accurate  measure  ol  blood  How  so  that  (|uantitati\c 
studies  ol  ahsorj>tion  may  he  made.  .\n  examj^le  ol  such  an  experiment 
is  given  in  Figure  -H).*****  I'he  ( oncentration  in  the  jioi  tal  vein  was  always 
greater  than  that  in  the  artery  and  at  one  ])oint  (ten  minutes  alter  glmose 
ingestion)  it  was  double  that  in  the  artery.  .A  small  percentage  ol  the 
gluco.se  apj)ears  in  jjortal  blood  as  lactic  acid.  C^alcidated  Irom  the 
blood  How  and  the  venous-arterial  dillerence,  over  90  pei  cent  ol  the 
administered  glucose  coidd  be  accounted  lor  as  glucose  in  the  portal 
blood. 


Figure  16.  Appearance  of  glucose  in  prntal  vein  blood  clnring  glucose  absorption 
in  an  nnanestheti/ed  <log.  (.Shor'inaker  et  al.:  unpublished  observations.) 


SUGARS 


75 


A  lew  studies  lia\c  been  jjet'lorined  in  lunnan  sidjjects  in  wliieli 
jjortal  vein  blood  lias  been  sanijiled  indirectly.  Patients  with  severely 
restricted  blood  flow  through  the  li\er  (ciirhosis)  develop  collateral 
\enons  drainage  Iroin  the  intestine  which  sometimes  includes  a  snjjer- 
Hcial  \ein  on  the  sm  lace  ol  the  abdominal  wall.  Such  anastomotic  veins 
contain  “jiortal  blood”  which  can  be  samjjled  belore  and  after  feeding 
a  test  substance  to  the  indixidual.  I'liis  uni(|ne  clinical  oj.)]Jortunity  ol 
samjiling  “jjortal  blood”  was  ajjjiarently  first  ajipreciated  by  Sherlock 
and  W'alche^^*^  who,  in  studying  a  jiatient  with  cirrhosis,  found  a  rise 
in  glucose  concentration  in  an  abdominal  anastomotic  vein  after  glucose 
feeding.  More  extensive  studies  with  a  variety  of  test  sidistances  have 
been  carried  out  by  others.*'*’  ** 


(  HENFICAL  FORM  IN  WHICH  GLUCOSE  APPEARS  IN 

PORTAL  BLOOD 


I  he  transformation  of  glucose  into  other  substances  during  intes¬ 
tinal  absorption  has  been  Irecjuently  suggested  in  the  older  literature. 
When  adequate  experimental  methods  became  available  it  was  found 
that  most  ol  the  glucose  lost  Irom  the  lumen  of  the  intestine  appeared 
m  the  jjortal  vein  as  reducing  sugar  (presumably  identical  with  glucose). 
Hestrin-Lerner  and  Shapiro'®-®**  recently  (juestioned  this  view  with 
the  observation  that  radioactive  glucose  placed  in  the  lumen  of  the 
intestine  in  vitru  or  in  vivo  was  converted  to  an  unidentihed  compound 
which  a]>peaied  in  the  blood.  On  the  basis  of  in  vitro  experiments  \\  ilson 
and  Wdseman*®®-*****’ *97.  198  suggested  that  this  unidentihed  compound 
might  be  lactic  acid.  They  had  found  that  a  considerable  amount  of 
glucose  entering  the  epithelial  cell  was  converted  to  lactic  acid,  which 
aj>peared  m  high  concentrations  in  the  serosal  solution.  Subsequently 
Kiyasu  and  Ghaikoll*'^  found  that  when  the  portal  vein  of  anesthetized 


rats  was  cannulated  only  a  minor  jjortion  of  the  absorbed  glucose  ap¬ 
peared  as  lactic  acid.  I  he  present  position  ap|x?ars  to  be  that  in  the 
dogS.  168  glucose  appears,  in  the  portal  blood,  ]jredomi- 

nately  as  Iree  glucose  with  relatively  small  amounts  of  lactate.  No  othei 
comjjounds  have  been  found.  Galactose  has  not  been  studied  extensively 
in  VIVO  but  this  sugar  ]jrobably  ajqx’ars  exclusively  as  galactose  in  the 
l>ottal  vein,  fructose  is  more  complicatetl,  i>roducing  a  mixture  of  fruc¬ 
tose,  glucose,  and  lactic  acid,  the  propoitions  depending  on  the  species 
of  animal.  In  the  rat  iq^  to  .50  jxr  cent  of  the  fructose  mav  appear  in 
the  portal  blood  as  lactic  acid  while  in  the  guinea  pig  most  fructose 
ap|>ears  as  glucose.**' 
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LOCATION  IN  THE  INTESTINE  OF  SII(;AR  AIISORETION 

1  he  upper  portion  ol  the  small  intestine  has  a  greater  capacity  to 
absorb  glucose  than  the  lower,  while  the  stomach  and  colon  absorb  little 
if  any  sugar.  Rekl.^^^  for  example,  showetl  in  1900  that  the  uijper  ileum 
absorbed  more  glucose  than  the  lower  ileum  and  the  colon  absorbed 
very  little,  d'he  duodenum  is  apparently  tpiite  active  in  sugar  absorption. 
.Abbott  et  al.^  found  that  human  duodenum  had  the  cajjacity  to  ab¬ 
sorb  more  than  10  gin.  of  glucose  per  hour.  Fisher  and  Parsons,*^^  from 
their  measurements  of  the  mucosal  surface  area*^**  and  the  absorption 
rate,  calculated  that  glucose  absorption  (which  included  utilization  as 
well  as  transport)  jxr  unit  of  mucosal  area  was  about  three  times  as 
rapid  in  the  upjxr  jejunum  as  the  lower  ileum.  Other  studies  indicate 
that,  at  least  in  vitro,  the  lower  jejunum  transports  somewhat  more  sugar 
per  weight  of  tissue  than  segments  just  abo\e  or  below. 

I'he  intestine  has  a  considerably  greater  capacity  for  sugar  absorp¬ 
tion  than  is  normally  retjuired  of  it.  In  a  390  gm.  rat  a  dose  of  -100  mg. 
of  glucose  is  completely  absorbed  by  the  first  half  of  the  small  intes¬ 
tine.'^^  Borgstrbm  et  al."*  recently  studied  the  site  of  glucose  absorjp 
tion  in  human  subjects,  d  hey  fed  a  test  meal  cxmtaining  glucose  (55  gm.) 
and  lactose  (20  gm.)  as  carbohydrate,  as  well  as  polyethyleneglycol  (a 
nonabsorbed  indicator  substance),  and  sampled  the  intestinal  contents 
at  various  levels  of  the  small  intestine  through  a  small  tube  swallowed 
by  the  subject.  By  comparing  the  concentration  of  glucose  with  that  of 
polyethyleneglycol  they  could  calculate  the  peiaentage  absoijnion  at 
the  various  levels.  Absorption  began  in  the  duodenum  and  was  conijdete 
in  the  proximal  100  cm.  of  the  jejunum  (the  total  length  of  human 
small  intestine  is  approximately  300  (in.). 

selec:tive  absorption  of  sitfvrs  in  vitro 

During  the  latter  half  (d  the  nineteenth  (entury  a  number  of 
jihysiologists,  notably  namburger  and  Hdber,  showed  that  the  laws  ol 
diffusion  could  exjdain  certain  obser\ ations  on  intestinal  absorption  ol 
electrolytes  and  nonelectrolytes.  It  came  as  somewhat  ol  a  surprise, 
therefore,  when  H{?d(jin'‘'  and  Negano'^’  found  that  the  hexoses,  glu- 
c(jse  and  galactose,  were  absorbed  Irom  the  intestine  more  rapidly  than 
the  jxntoses,  xylose  and  arabinose.  The  signifuaiue  of  these  obseixations 
was  not  fully  appreciated,  lujwexer,  until  Tori  in  1925  (arefully  investi¬ 
gated  the  [noblein  (jf  sugar  absor|)tion  with  unanesiheti/ed  rats'''-'’'' 
and  found  that  there  was  a  striking  spcx  ifit  ity  in  the  absorbing  medianism 
(Figure  37).  .Mannose,  whic  h  differed  from  ghuose  only  in  the  (onfigura- 
tion  ol  the  hvdroxyl  group  at  (arbon  2.  was  absorbed  at  about  one  fifth 
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Figure  37.  Selective  sugar  absorption  by  unanestbctizecl  rats.  Sugar  was  fed  by 
stomach  tul)e  and  the  absorption  rate  was  determined  as  the  disappearance  of  sugar 
from  the  gastrointestinal  tract  in  a  given  period  of  time.  (Drawn  from  the  data  of 
Cori:  J.  Biol.  (;hem.,  66:691 ,  1925.) 


tlie  rate  of  glucose.  Cori’s  data  were  interpreted  in  terms  of  “selective 
permeability”  (the  term  “active  transport”  had  not  yet  been  coined). 
The.se  results  were  confirmed  in  the  ca.se  of  the  rat  with  a  variety  of 
different  experimental  methods  and  extended  to  other  animal  species 
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hgure  38.  1  he  absorption  rate  of  different  -0-melbvl  derivatives  of  glucose  in 

the  rat.  I  be  rate  of  .iisappearance  of  the  sugar  from  a  loop  of  intestine  of  an 
'"^-asured.  (Drawn  from  the  data  of  Csakv:  /tsebr.  pbvsiol.  (  hem.. 
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(Table  11).  Only  in  the  case  of  the  cat  and  one  tyj)e  of  fish  did  the 
ahsoi'fition  rate  of  a  pentose  approach  that  of  glucose. 

The  first  study  of  specificity  \vith  synthetic  sugars  was  that  of  (isaky 
who  showed  that  the  rate  of  absorption  of  8-()-niethyIglncose  was  similar 
to  that  of  glucose,  while  the  corresponding  2-0-methyl,  5-0-methyl,  and 
(i-O-methyl  derivatises  were  absorbed  at  much  slower  rates'*^  (Figure  .^8). 
In  a  further  study  he  found  that  1-0-methylfructose  and  8-0-methylfruc- 
tose  were  slowly  absorbed  by  the  rat  but  not  against  a  concentration 
gradient.^^ 

The  selectise  nature  of  the  absorption  process  is  further  illustrated 
by  the  effect  of  sugar  concentration  on  the  absorption  rate  of  different 
sugars.  In  general,  sugars  absorbed  by  passive  diffusion  show  a  linear 
relationship  between  concentration  and  absorption  while  sugars  active¬ 
ly  transj>orted  show  saturation  jjhenomena.  The  early  sugar  feeding  ex¬ 
periments  were  comjdicated  by  high  concentrations  in  the  lumen  and 


Table  II.  .Sh,k;tivf.  Absorpiion  of  Siu.ars  Difffrfnt  Ammai.s 


RATF  OF  Ser.AR  ABSORPnON 
((.I.eCOSF  I  AKF\  AS  100) 

ANIMAL  AUTHOR  - 


C.AI  AC- 

c.t.ti- 

FRl'C- 

MAN- 

XY- 

ARA- 

TOSE 

COSE 

TOSE 

NOSE 

LOSE 

BINOSE 

Rat 

C.ori‘51 

no 

100 

13 

19 

15 

9 

W'ilbrandt  S:  I.as/tl86 

115 

100 

44 

37 

30 

29 

W'estenbrinki*^! 

108 

100 

42 

15 

13 

2 

■Sols  {v:  Pon/lfi'^ 

ior> 

100 

40 

24 

15 

\'idaTSiviIlal72 

100 

100 

30 

7 

13 

6 

Helens 

112 

100 

52 

25 

26 

Dog 

Xaganoi25 

>* 

> 

> 

> 

> 

> 

C'.at 

HewdttSi 

90 

100 

35 

Cat  (ileum) 

Davidson  8:  Ciarry^^ 

125 

100 

50 

94 

Rabbit 

Ht-don"3 

82 

100 

60 

Hamster 

W  ilson  &  Vincentl9'> 

88 

100 

16 

12 

28 

10 

Man 

Croen^l 

122 

100 

67 

McCance  &  Maddersio 

(3.6)t 

(2.3)t 

Pigeon 

W'esteidirinkisi 

115 

100 

55 

33 

37 

16 

frog 

W'estenbrink  &  firatamal82 

118 

100 

54 

64 

12 

Csakv  8:  FcrnahH^ 

100 

oo 

M  inii)ecki2.3 

96 

100 

38 

38 

44 

Fish 

Cordier  8:  VVorbe'^*^ 

89 

100 

77 

49 

9 

C.ordier  8;  (.hanel^B 

102 

100 

45 

78 

80 

( .ordier  et  al.27 

99 

100 

65 

43 

57 

•  Only  qualitative  (ompaiisons  (an  be  made  from  the  data,  whidi  show  a  descending 
order  of  absorption  rate  with  gahutose  the  most  ra|)id  and  arabimrse  the  slowest, 
t  1  he  reference  substance  here  is  not  clucose  but  rhamnose  which  is  taken  as  1. 
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iiiuertain  gastric  emjHying  time,  wliich  resulted  in  divergent  cjjdnions 
in  die  literature,  (iori  luund  a  constant  absorjition  rate  when  25  ]>er  cent, 
50  jier  cent,  and  80  jier  cent  solutions  were  administered  to  unanesthe¬ 
tized  rats.'*^  Although  this  was  confirmed  by  sonie,"^^’ other 
workers^^^- lound  a  distinct  increase  in  absorption  rate 
resulted  from  increasing  the  luminal  concentration  of  glucose.  A  reason¬ 
able  exjilanation  for  the  latter  obser\ations  was  jiroposed  by  f)onhofler'’'^ 
on  the  basis  of  experiments  with  phlorizin.  He  found  that  with  increasing 
concentrations  of  glucose,  phlorizin  always  inhibited  the  absorption  of 
the  same  cjuantity  of  sugar,  lea\ing  increasing  amounts  of  sugar  unaf¬ 
fected  by  the  glycoside.  He  concluded  that  jihlorizin  coinjiletely  inhibited 
the  active  absorjition  of  glucose  but  had  no  effect  on  diffusion  (which 
increased  with  increasing  luminal  concentrations),  if  his  inferences  were 
correct,  considerable  diffusion  of  glucose  occurred  at  high  luminal  con¬ 
centrations,  Barany  and  Sperber^  came  to  a  similar  conclusion  from  a 
kinetic  analysis  of  their  data  on  glucose  absorjition  in  the  rabbit. 

Somewhat  more  rejiroducible  results  were  obtained  by  studying 
absorption  from  isolated  tied  loojis  of  intestine  in  anesthetized  animals. 
V'erzar^®*  showed  that  while  the  absorjition  rate  of  glucose  and  galactose 
was  relatively  constant  over  a  certain  range  of  concentrations,  the  rate 
lor  sorbose,  mannose,  and  xylose  increased  in  a  linear  relation  to  con¬ 
centration  (see  Figure  23,  ji.  42,  for  data  on  sorbose),  lliis  suggested 
simple  diffusion  as  the  mechanism  of  absorption  for  the  last  three  com- 
jiounds  and  some  other  jirocess  for  glucose  and  galactose. 


INHIBITION  OF  SUGAR  ABSORPTION 


-An  imjioitant  milestone  in  the  history  of  intestinal  idisorjition  was 
the  suggestion  by  Wilbrandt  and  Laszti««  that  the  mechanism  of  sugar 
absorjition  involved  a  jihosjihorylation  reaction.  I'his  hyjiothesis  was 
based  on  the  observation  that  iodoacetate,  which  had  been  shown  to 


inhibit  glycolysis,  inhibited  the  absorjition  of  glucose  and  galactose  but 
not  that  of  mannose,  xylose,  or  arabinose  (Table  12).  Believing  that 
iodoacetate  was  sjiecific  for  jihosjihorvlation  reactions  they  jirojiosed  that 
sugars  were  jihosjihorylated  during  transjiort  through^  the  intestinal 
ejiithehum.  In  the  same  year,  Lundsgaard  jirojxised  jihosjihorylation  as 
the  medianism  fdr  glucose  resorjition  from  the  renal  tubnles.^^^ 

d  his  theory  was  imjiortaiu  because  it  was  the  first  suggestion  of  a 
sjiecific  biochemical  reaction  to  account  for  a  cellular  transjiort  mecha¬ 
nism.  4  he  general  phosjihorylation-dejihosjihorylation  hvjiothesis  gained 
considerable  sujijiort  from  a  variety  of  exjieriments  and  the  ejuestion 
seemed  entirely  settled  for  many  years.  Fhe  current  status  of  this  hvjiothe- 
sis  will  lie  discussed  later  (ji.  99). 
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Table  lli.  EpFKcr  ok  Iouoackiate  o\  Su.kciivi  Si'(.ak  Absorition 


M’(,AR 

ABSORl'llON  RA  Il 

((.l  UCOSI  l  AkI  N  AS  100) 

CONTROL 

IOIK)ACF.TArE 

(.alaclosc 

115 

53 

(ilucose 

100 

33 

Fructose 

44 

37 

Mannose 

33 

25 

Xylose 

30 

31 

Arabinose 

29 

29 

Siigai  absoi  jjtion  measured  in  lied  loops  of  iiilestine  of  aiiestlieli/ed  rats.  1  akeii  fiom 
Wilbraiult  and  l,as/i:  liiocliem.  /.tsehr., 


riie  plant  glycoside,  phlorizin  (Figure  MO),  has  jdayed  a  central 
role  in  the  sindy  ol  glucose  absorjjtion  as,  in  low  concentrations,  it 
ajjjjears  to  specifically  inhibit  sugar  absorption  by  the  intestine  and  renal 
tnbiiled^^’ In  1922  Nakazawa*-'  showetl  that  this  poison  inhibiterl 
glucose  absorjition  without  allecting  absorjjtion  of  amino  acids,  fat, 
or  salts.  Furthermore,  phlorizin  inhibits  the  absorption  of  only  glucose 
and  galactose,  not  xylose,  arabinose,  and  sorbose. .\n  examjde  of 
its  effect  on  acti\e  sugar  transport  is  shown  in  Fable  Following  the 
enunciation  of  the  phosphorylation  theory,  attempts  were  made  by  the 
j)ro[)onents  of  the  theory  to  demonstrate  that  this  material,  like  iodoace- 
tate,  inhibited  phosphorylation  reactions.  In  these  studies,  large  concen¬ 
trations  (K)-'^  .M.  or  greater)  of  phlorizin  were  always  re(|nired  to  jirodnce 
inhibition  of  phosphorylation.**-*  Much  lower  concentrations  (10*  to 
10-^  M.)  will  produce  drastic  effects  on  sugar  absiirption.*^-  ns.  85  ^[oie  re¬ 
cent  biochemical  studies  with  jjhlorizin  by  Shajjiro*^"  and  I.otspeich*** 
indicate  that  concentrations  of  10  *  M.  will  affect  the  citric  acid  cycle, 
f.otspeich  has  recently  discussed  current  views  and  concluded  that  this 
glycoside  exerts  its  effect  by  reacting  with  some  jjermeation  mechanism 
located  probably  on  the  outer  surface  of  cells.***  In  confirmation  of 
this  general  view  is  a  study  by  \ewey.  Parsons,  and  Smyth*^**  who  pre¬ 
sent  evidence  that  j>hloriz.in  inhibits  the  mechanism  respc-insible  lor 
the  passage  of  glucose  across  the  luminal  border  of  the  epithelial  cell. 


Utrure  >9.  IMiloii/in. 
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Tal)lc  13.  Acci'mi'I  AiioN  ok  Si'oars  Sirips  ok  Hamsikr  Intkstinf, 


CONC.  IN 

c:oNi)irio\.s 

TISSUE  CONCENTRATION 

TKST  .SIK.AR 

.MEDIU.M 

MEDIUM  CO.NCE.NTRATION 

fi-Deoxvglucose 

0.25  m.M. 

Clontrol 

17.2 

Nitrogen 

0.7 

IMiloiizin  (1  inM.) 

0.7 

n- Xylose 

I.O  mM. 

Control 

0.4 

N  i  t  rogen 

0.3 

Strips  of  intestine  inenhaietl  for  10  min.  at  witli  sugar.  J  aken  fioin  Crane  and 

.Mandelstam:  Hiocliim.  et.  hioplns.  atta,  •/5:1()0,  IflfiO. 


Inliibitioii  of  energy-yielding  reactions  of  the  epitlielial  cells  uni¬ 
formly  leads  to  loss  of  acti\e  glucose  absorjjtion.  .Anaerobic  condi¬ 
tions, ss.  197  cyanide, dinitrojihenol,^'^' malonate,®^  and  Htioroace- 
tate55  all  inhibit  glncose  absorption  by  in  vitro  jjrejjarations  of  small 
intestine.  I'he  many  other  compounds  known  to  inhibit  glucose  absorp¬ 
tion  include  atabrine,!'  arsenite,!^^  uranyl  ion,i56  molybdate, 
coj)per,ii**  and  azide. 55  The  re\iew  of  Cordier^^  may  be  consultetl  for  a 
discussion  of  many  other  factors  affecting  absorption. 


.AHSORPTION  AGAINST  A  CONCENTRATION  CiRADIENT 

An  important  advance  in  our  understanding  of  sugar  absorjition  Avas 
the  demonstration  that  glucose  could  be  absorbed  from  the  intestine 
against  a  concentration  gradient.  I’his  was  first  demonstrated  by  Rarany 
and  Sperber,”  who  were  studying  changes  in  concentration  of  glucose 
solution  jdaced  in  the  intestine  in  the  anesthetized  rabbit  (Figure  -fO). 
It  was  well  known  that,  when  dilute  glucose  solutions  were  instilled  into 
the  intestine,  both  sugar  and  water  were  rajiidly  and  comjiletely  absorbed. 
Rarany  and  Sjierber  devised  the  ingenious  exjx'riment  of  adding  the 
poorly  absorbed  salt,  sodium  sulfate,  to  the  sugar  solution,  thus  jireventing 
the  complete  absorjition  of  fluid.  Under  these  conditions  they  were  able 
to  demonstrate  that  the  ghuose  com entraiion  in  the  lumen  fell  to  levels 
much  below  that  in  the  blood.  .An  experiment  is  given  in  Figure  10  in 
which  the  sugar  com entration  in  the  intestinal  looj)  fell  to  zero  Avhile 
the  blood  concentration  remained  at  200  mg./ 1 00  ml.  Although  metabo¬ 
lism  of  the  glucose  Avithout  transjiort  to  the  portal  blood  Avas  not  ex¬ 
cluded,  this  experiment  suggested  that  the  ejiithelial  cells  could  transport 
glucose  against  considerable  comentration  gradients.  Campbell  and  I)a\- 
son’”  later  perlormed  a  theoretii ally  more  conviming  experiment  Avith 
the  nonmetabolizable  sugar  fl-O-methylghicose.  d'his  comjxnind  Avas 
absorbed  from  the  lumen  of  the  cat  intestine  despite  the  high  blood  le\el 
of  the  comj)ound  maintained  by  intraAenous  injection.  Fhese  observations 
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Figure  40.  Alisorption  of  glucose  from  the  lumen  of  rabbit  intestine  against  a 
concentration  gradient.  A  ginco.se  solnlion  containing  sodium  sulfate  was  placed  in  a 
loop  of  intestine  of  rabbit  anestbeti/ed  with  ethei.  (Drawn  from  the  data  of  Barany  and 
Sperber:  Skandinav.  .Vreb.  Physiol.,  cS’y:290,  1939.) 


were  .siihsetjueiuly  (oiifinnecl  anti  extencled  by  botli  anti  in  vitro 

niethotls.'^*’ 


RECENT  STUDIES  WITH  IN  VITRO  METHODS 

Dttring  the  jiast  tlctade  there  has  been  a  renewed  interest  in  intes¬ 
tinal  absorption,  due  laru;ely  to  the  introdnetion  ol  satisfactory  in  vitro 
ntethcKls.  In  1919  Kisher  and  Parsons*^^  described  the  first  well-oxygen¬ 
ated,  in  vitro  inethotl  ftir  the  sttidy  of  the  small  intestine.  By  circulating 
oxygcnatetl  bicarltonate-saline  sejtarately  on  the  two  sides  of  isolated  rat 
intestine  they  were  able  to  maintain  the  actixity  of  the  epithelial  cells  for 
an  hour  or  more.  I  he  cx])erimcntal  design  was  to  place  the  same  solution 
on  both  sides  of  the  intestinal  wall  and  observe  changes  in  fluid  volume 
and  sugar  concentration.  In  one  experiment  the  initial  glucose  con¬ 
centration  on  the  mucosal  side  of  lib  mg./lOO  ml.  fell  during  incubation 
to  228  mg./ 100  ml.  while  the  concentration  on  the  opposite  side  rose  from 
1.59  mg./lOO  ml.  to  502  mg./lOO  ml.  I  here  was  a  net  movement  of  glucose 
across  the  full  thickness  of  this  in  vitro  gut  firejiaration  against  a  con¬ 
centration  gradient  of  more  than  twofold,  d  his  was  an  uneijuivocal 
demonstration  of  net  glucose  transjiort  against  a  concentration  gradient 
by  the  small  intestine. 
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Kinetic  Studies 

In  vitro  iiietluxls  lend  tneinselves  esj)e(ially  well  to  studies  where 
i  ij»i(l  (ontrol  of  e\j>eriinemal  (onditions  is  recjuired.  Kisliei  and  I’aisons^*' 
found  that  gliuose  and  I'aladose  absoiption  by  isolated  lat  intestine 
conlonned  dosely  to  the  Mic haelis-Menten  kinetics  (higine  11).  'They 
emphatically  state  that  these  kinetics  do  not  necessarily  indicate  that  an 
en/yine  is  involved  and  j)oint  out  ((juite  jMojierly)  that  “absoi  jjtion  on  to 
a  conij.)onent  of  the  cell  ineinbiane”  would  jjrcKluce  similar  kinetics  if  it 
were  the  rate-limiting  stejx  Kurthei more,  the  assumjjtions  involved  in  the 
derivation  of  the  .Michaelis-Menten  ecjuation  are  correct  in  only  a  limited 
number  of  j>urified  en/yme  systems  and  are  uidikely  to  be  entirely  valid 
in  the  complex  system  of  sugar  absorj>tion,  involving  as  it  does  an  un¬ 
known  number  of  stejjs  of  unknown  type.  It  is  usefid,  nevertheless,  to 
estimate  the  apparent  affinity  constant  (Kt)  for  a  ntnnber  of  conijjounds 
to  assess  the  relative  affinity  of  the  system  for  these  comjjounds.  Kt  is  used 
in  this  book  rather  than  K,„  to  emjjhasize  the  many  assumptions  made  in 
dealing  with  such  a  complex  system  as  transport  in  an  intact  tissue 
jirejiaration.  A  few  apparent  Kt  values  taken  from  in  vitro  experiments 
are  given  in  I’able  14.  There  are,  as  one  might  exjiect,  some  variations 
from  animal  to  animal  and  from  one  tissue  preparation  to  another.  The 
inhibitcjry  effect  of  one  sugar  on  another,  however,  is  in  remarkably  good 
agreement  with  that  predicted  from  the  K,  values  when  the  experiments 
are  all  performed  on  the  same  tissue  under  similar  conditions. 


O 

o. 


iprocal  of  initial  glucose  concentration  (g/lOOml.) 


10 


me  giiuose  concentration 
al)soi|)tion  hv  rat  intestine 
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Tal>le  U.  1  iiF.  Afkimi  v  (K^)  ok  Si  (.ars  for  iMFbiiNAi.  'Iransi’ori 


SUGARS 

VAl.l  FS  (m.\I.)  IN 

THK  FOI.I.OWING 

AMMAI.S: 

.K- 

RAI«'.68 

I’IGI^' 

IIAMSTFR 

44.  89 

“ I  FS  r  TURK 

.MFTIIOI) 

I1A.MSTFr37 

nssuK 

”  ACCt'Mt'I.A  1  ION 

.MFTIIOU 

(.Incose 

9  7 

2.5* 

1.5 

(•alactose 

35 

12* 

3-0-methylglncose 

10* 

0-deoxyglncose 

0.55* 

1  -deoxyglucose 

1.0 

l.A 

*  Kxperiinciits  tarried  out  at  3U°(;.;  all  other  ex[)eriinents  at  37°('.. 


I'nidirettional  Movement  of  Different  Sugars 

1  lie  rate  of  tlilltisioii  of  a  substance  across  a  siinjile  niembraiie  sliould 
be  the  same  in  both  directions.  Figure  42  shows  the  results  obtained  with 
the  sac  method  for  a  number  of  sugars.'-'^  I’he  rate  of  movement  in  the 
two  directions  was  similar  in  the  case  of  fructose  and  xylose.  With 
glucose  and  galactose,  on  the  other  hantl,  the  rate  of  movement  from 
mucosal  to  serosal  sides  was  much  greater  than  it  was  in  the  reverse  direc¬ 
tion.  Presumably  much  of  the  glucose  which  leaks  from  serosal  side  into 
the  ej^ithelial  cell  or  into  the  mucosal  solution  is  transjKnted  back  across 
the  gut.  In  another  iy]>e  of  experiment  the  Ilux  rate  of  radioactive  glucose 
from  serosal  to  mucosal  sides  was  measuretl  during  net  transport  in  the 
opjKisite  direction.  Fhe  ratio  of  flux  rate  in  the  direction  of  absor})iion 
(mucosal  to  serosal)  to  the  Ilux  rate  in  the  opposite  direction  (serosal  to 
nuuosal)  gave  a  \alue  of  about  2h  I.''*** 
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S 


GLUCOSE 

GALACTOSE 

FRUCTOSE 

XYLOSE 


MUCOSAL  I 
SIDE  1 


Figure  42.  laiidircctional  Ilux  rates  for  ditlereiit  sugais  across  hamster  iiUr-stine 
Kverted  sacs  of  hamster  intestine  were  incnhated  with  a  sugar  (0.03  .M.)  on  one  side' 
or  the  other  and  the  rate  of  passage  to  the  other  side  measured.  (Drawn  from  the  data  ofl 
Wilson  and  N'iiuent:  J.  Biol.  Chcin.,  276:851,  1955.) 
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EHect  of  lemperafure 

It  is  well  known  that  tlic  cliflusion  of  siibslaiues  across  a  cell(>j>hane 
inenibranc  is  allot  led  only  very  slightly  by  changes  in  teinjjeralure.  It 
has  been  erroneously  reasoned  that  dillnsion  through  biological  inein- 
branes  should  show  the  same  beha\  ior,  and  any  j>rocess  strongly  inhibited 
by  low  teinpeiature  imisl  inxoKe  an  en/.yinatic  reaction.  Allhongh  it  is 
(juite  true  that  studies  involving  the  elleci  ol  teni})eraiure  on  a  jjrocess 
may  soineiiines  be  uselul,  sudi  studies  must  be  intei  j^ieted  with  caution. 
Auchinachie,  Macleod,  and  .Magee*’  lound  that  while  the  rate  ol  mo\e- 
ment  (d  both  glucose  anti  xylose  aertrss  rabbit  intestine  in  vitro  was  re¬ 
duced  by  reducing  the  temjjerature  Irom  4()°Ck  to  0°C].,  the  rate  ol 
mo\ement  ol  glucose  was  reducetl  j)rojjortionateIy  greater  than  that  ol 
xylose.  Historically  this  was  an  inij^ortant  observation,  since,  in  1930,  the 
concept  ol  “active  transport’’  of  glucose  and  j)assive  thflusion  of  xylose 
was  not  recognized.  In  the  hamster  intestine  reduction  of  temj^erature  to 
0°C].  almost  ct)mpletely  stops  the  movement  of  either  glucose  or  xylose.’*^-^ 
A  high  Q  lo  lor  glucose  absorption  woidd  be  e.xpected  and  was  exj.)eri- 
mentally  observed  by  Cordier  and  his  collaborators-^’ 2®  in  a  number  of 
fish.  It  is  concluded  that  the  study  of  the  effect  of  temperature  is  inter¬ 
esting  in  a  number  of  regards  but  high  temperature  coefficients  may  be 
observed  for  both  active  and  passive  movement  across  cell  membranes. 


Effect  of  Ions 

Both  sodium  and  potassium  ions  appear  to  be  necessary  for  optimal 
glucose  absorption.  Ricklis  and  Quasteh^'  have  shown  that  increasing 
the  jwtassium  concentration  from  5  niM.  to  20  niM.  caused  a  doubling 
of  glucose  transport  in  isolated  guinea  jhg  intestine.  much  more  dra¬ 
matic  effect  on  sugar  absorj>iion  was  obser\'ed  when  alterations  were 
made  in  the  siKlium  concentration  on  the  mucosal  side  of  the  intestinal 
wall.  When  sodium  was  completely  replaced  with  jrotassium,’-*'’-*"”'’- 
r,4. 2.1, 151  litliiinii.  magnesium,  or  mannitoH"’ ac  tive  sugar  transport 
comjiletely  ceased.  Furthermore,  cardiac  glycosides  which  inhibit  sexlium 
transport  in  a  variety  of  cells  inhibited  glucose  absorption. The 
possibility  that  sodium  transjxnt  and  glucose  absorjnion  are  linked  to¬ 
gether  is  considered  in  a  later  section. 


Lactic  .Vcicl  I  lociuctioii  During  Olucose  .\l)sorption 

During  exi>eriments  on  glucose  absorption  with  rat  intestine  m 
rntro,  Wilson  and  Wiseman considerable  ejuan- 
tities  of  lactic  acid  were  jiroduced.  Furthermore,  the  concentration  of 
lactate  on  the  serosal  side  of  the  intestinal  wall  was  much  higher  than 
that  on  the  inucosal  side.  In  these  experiments  the  pH  on  the  mucosal 
side  fell  while  that  on  the  serosal  side  remained  constant.  Lhese  authors 
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iiilcired  that  some  ol  the  glucose  enierinf>  tlie  epithelial  cell  liom  the 
hmieii  was  eoiivertecl  into  lactic  acid,  the  hythogen  ion  being  secreted 
into  the  linneii  and  the  lactate  ajipearing  prelerentially  on  the  serosal 
side.  It  was  suggested  that  this  was  one  (d  the  j)athways  lor  glucose  ab¬ 
sorption.  The  jiresence  ol  a  lactate  gradient  has  been  confirnied  both 
in  n//ro*'^‘’' and  in  x'ixio'^^  but  its  (piantitative  significance  in  ghuose 
absorption  is  (|uestionable. 

Snbsetiuent  stiulies  indicated  that  in  x’ix’o  this  pathway  was  responsi¬ 
ble  lor  only  about  10  ]>er  cent  of  the  glucose  absorbed  in  the  dog''^  and 
less  than  10  per  cent  in  the  rat.-''^  On  the  other  hand  Kiyasu  and 
Cihaikoir’"  showed  that  as  much  as  .50  per  cent  of  the  fructose  absorbed 
in  the  rat  aj^peared  in  the  portal  blood  as  lactic  acid.  Probably  the 
lactate  jiathway  is  (piantitatively  imjKirtant  only  in  the  case  of  fructose 
absorption  in  certain  animals. 

.Specificity  of  the  .4ctive  Transport  .System 

Iransport  against  a  concentration  gradient  had  been  shown  in 
j,ix,()>i, '2iK  5  i„  x>i t for  a  few  sugars,  but  the  methods  tlid  not 
lend  thenrseKes  to  the  study  of  milligram  c|uantities  of  a  large  number  of 
compounds.  I  he  development  of  the  exerted  sac  method  by  W'ilson 
and  Wiseman*-''  permitted  such  a  study  of  intestinal  transjiort  of 
a  wide  \ariety  of  synthetic  compounds.  To  date  more  than  70  sugars 
and  sugar  clerivatixes  have  been  tested  with  sacs  of  hamster  intes- 

197,  19.1.  99.  40,  191,  193,  103 

Figure  15  shows  data  lor  the  transport  of  several  comjjounds  which 
may  be  considered  modifications  of  the  glucose  molecule  at  carbon 
atom  1.  One  interesting  comjjound  is  1 -deoxyglucose  ( I ,.5-anhytlro-i)- 
glucitol)  which  (iraiie  and  Krane'***  found  to  be  transported,  (ilycosides, 
which  are  modifications  of  the  hydroxyl  grou|4  at  carbon  1,  are  also 
transiiortecl.  Most  of  the  glucosides  and  galactosides  studied  by  Landau, 
liernstein,  and  Wilson"’-*  were  actively  transponed,  even  comjKnmds 
with  an  aglycone  as  large  as  a  phenyl  group  (  Fable  15).  It  was  concluded 
from  this  data  that  the  hydroxyl  grouji  at  carbon  1  was  not  essential  for 
transport.  In  contrast,  the  hydroxyl  at  carbon  2  appeared  to  be  e.ssential 
(Figure  1.5).  I  he  replacement  of  this  hydroxyl  groiij)  by  hydrogen,  as 
in  2-tleoxyghicose,  jiroduced  an  inactive  comj)ouncl.  Other  com|M)uncls 
with  modifications  at  carbon  2  which  were  not  transported  included 
2-clec4xyga lactose,  2-b-methylglut ose,  mannose,  glucosamine,  and  acetyl- 
glucosamine.  I  he  hydrogen  on  carbon  2.  howevei,  could  be  rcfilaced 
without  loss  of  activity,  as  was  suggested  by  the  active  transport  of 
2-c:-hv(hoxymethylglucose.^" 

Additional  exj)eriments  with  other  comjionnds  indicated  that  the 
hydroxyl  groups  at  carbon  5.  I,  and  fi  were  not  essential  (Figures  15  and 
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CARBON  1 


H  OH 

n 


H  OCHj 

h 


H 

'COH 
H  VOH 

n 


SUGAR 

CONC. 

(mM) 


CARBON  a 


I 

H-C- 

I 


OH 


H-C-H 

I 


OCH, 


GLUCOSE 
«  I 

HO-C-C-OH 
H  ' 


Figure  4^.  I  ransport  of  conipouiuis  uiih  modifications  at  carlum  I,  2  or  S  of  the 
Kh.cosc  mokculc.  higurcs  wnc  constructed  from  published  data  for  1 -deoxvKlucosc-»«- 
Klmoheptulose  and  2-deoxyglucose-i-l;  2-c;-ln(lroxymethvlRlucose-'0:  and  others  i«3 
fUpper  and  m.c^dlc  panels  from  Wilson  et  al.:  Fed.  I’roc.; /9,  1%0.  l  ower  panel  from 
\Nilsou  and  l  andau:  Am.  J.  PInsiol.,  I9S,  Httitl.) 


88 


INTESTINAL  ABSORPTION 


Table  15.  AcTivr  Iransport  of  Gi.vcosidf^  bv  Hamstfr  Intf„stinf. 


IKANSPORTFD 


(.lucosides: 

a-inethyl 

^-methyl 

a-cthyl 

/^•ethyl 

^-isopropyl 

/;^-butyl 

^-sec-butyl 

a-phetiyl 

/;^-phenyl 

^-p  chlorophenyl 

^-hydrotjuinone 

^-2ethoxycthyl 

yg-monobromallyl 

(ialactosides: 

a-niethyl 

^-methyl 

y^-niethyl-thio 


Nf)  r  TRANSPORTED 
(OR  VFRV  SI.OWI.V) 

Glucosides: 

a-l)utyl 

yy-isobutyl 


Active  transport  against  a  concentration  gradient  by  sacs  of  hamster  intestine.  Taken 
from  I.andan,  Hernstein,  and  Wilson:  ,\m.  J.  I’hysiol.,  in  press. 


44).  Furtlieniiore,  none  of  the  pentoses  testetl  were  transported.  The 
important  features  ajjpear  to  be  a  n-pyranose  ring  strnctnre  with  a 
hydroxyl  group  of  tlie  glucose  configuration  at  carbon  2.  It  should  be 
noted  that  this  generali/ation  was  based  on  alterations  of  single  sub¬ 
stituents  on  the  glucose  molecule.  Cihanges  of  configuration  at  more 
than  one  carbon  atom  might  give  rise  to  inactive  compounds,  even 
though  single  modifications  were  tolerated.  (F-g-.  n-gulose,  which 
differs  from  glucose  in  the  configuration  of  the  hydroxyl  groups  at  car¬ 
bons  $  and  4,  was  not  transj)orted.)  Furthermore,  compounds  with  suffi¬ 
ciently  large  substituent  groups  were  not  transported, probably 
because  of  steric  effects  or  effects  on  the  conformation  of  the  sugar  (e.g., 
.4-()-cthyl,  .S-()-proj)yl  and  ‘TO-butyl  glucose).  Stereospecificity  is  indicated 
by  the  fact  that  D-glucose  is  transported  but  not  its  i.-enantiomorph. 

IS.  152 

Before  any  general  conclusions  on  the  specificity  of  the  transport 
system  could  be  derived,  it  was  important  to  tletcrmine  whether  all 
transported  sugars  share  a  common  pathway.  Fhe  first  investigations 
demonstrated  conifietitive  inhiliition  between  glucose  and  galactose*’-- 
and  between  .4-0-methylglucose  and  glucose. Trane’^  then  found  that 
1-deoxvglucose  inhibited  glucose  act iimulation  by  segments  of  isolated 
intestine  (  Fable  Hi).  Keston  and  I  yree  failed  to  observe  inhibition  with 
this  sugar  combination  with  the  sac  method.*”  Additional  comfiinations 
of  sugars  have  recently  been  tested  for  mutual  competitive  inhibition 
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CARBON  4  H-C-OH 


HO-C-H 

1 


CHj-O-C-H 


Figure  I  ransport  of  compouiuls  with  modihcations  at  caihon 
tlu-  gUuosf  iiiolcdilf.  The  (ijfure  was  loiistnn  ted  from  jnihlished  ilata 
(ose  and  ti-deoxygliuose'ia;  5-dcoxygliic<)sei03;  and  others.i93  (  |  on  and 
fi<»m  Wilson  and  Landau:  Am.  J.  I’hvsiol.,  ;.V9,  19(30.) 


•f.  T),  and  6  of 
for  1-deoxyplu 
bottom  panels 


DEOXYGLUCOSE  TRANSPORT  (p 
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T  ilhlt*  l(>.  Mt'Il'Al,  iNlIIhlllON  liF.lWEF.N  Ol.L'COSF  AND  1  - 1  )F OX V(.I.LCOSt * 


TF.ST  COMI'OU.M) 

<;OM|-Oli.\l)  ADDFD 

nsscF. 

CONC. 

(inM.) 

I'FR  CK.N  I 

FOIM) 

IMIIBI  IION 

CALCU- 

I.ATFDt 

(.lucose  (ImM.) 

None 

2.76 

(.Incose  (lin.M.) 

1 -deoxyglncose  (25mM.) 

1.67 

44 

63 

1  -  (H3)cleoxyglucose  (25  inM.) 

None 

2.4 

1-  (  H'hdeoxyglncose  (25  inM.) 

C. Incose  (linM.) 

1.0 

58 

61 

*  More  properly  designated  1,  5-anhydro  D-glucitol. 

t  I’er  cent  inhihition  calculated  by  taking  glucose  as  K.^  =  1.5  and  1  (leoxyglncose  as 
and  assuming  that  the  two  sugars  share  a  pathway. 

Strips  ot  hamster  intestine  were  incnhateci  either  with  glucose,  with  1 -deoxyglncose, 
or  with  both  sugars.  Tissue  concentrations  of  the  sugars  were  determined  after  two- 
minnte  incubation.  In  the  ti.ssne  exposed  to  both  sugars,  each  was  determined  by 
independent  methods  (glucose  by  glucose  oxidase  and  1  cleoxyglucose  by  radioactivity). 
1  akcn  from  Crane:  Biochim.  et  biophvs.  acta,  ■/5:477,  19()0. 

by  file  inetliocl  ot  (.rane  aiul  W'ilson.^'*  A  sinijjlifietl  exjjeriniental  tlesit*n 
is  j.)rescntecl  in  Figure  45  in  whicli  two  time  periods  were  studied  with 
tlie  same  segment  of  intestine,  first  with  h-deoxyglueose  plus  inliilntor 
(gluccxse),  and  next  witii  h-deoxyglutose  alone.^”-^-'  (ducose  inhibited 
the  transjjort  of  (i-deoxyghuose  and  tlie  inhibition  was  reversible.  W'itli 
glucose  as  tlie  test  sugar,  inhibition  was  oliserved  with  both  l-deoxyglu- 
cose  and  a-methylglucoside.  In  a  study  ol  galactose  transport,  mannose 


Figure  -Z?.  F.lfect  of  glucose"  (12  m.\f.)  on  the  transport  of  G-deoxyglucose  (1  inM.V 
(Wilson  et  al.:  Fed.  I'loc.,  19,  1960.) 
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and  xylose  liad  no  ellect  while  glucose,  (i-deoxygliicose,  and  8-0-inethyl- 
glucose  inhibited  galactose  significantly.  In  every  case  examined,  the 
j>resence  of  one  transported  sugar  inhibited  the  transjiort  of  the  second. 

riiese  data  strongly  indicate  that  a  common  jjathway  is  involved 
in  sugar  tiansport.  I  his  conclusion  allows  one  to  delineate  the  minimal 
structural  retiuirement  lor  the  sugar  transport  system  by  hamster  intes¬ 
tine  from  the  exj^eriments  on  sj)e(ificity  (Kigure  lb). 


Hgtne  ^6.  Minimum  slriKtural  ic(|iiiic- 
mciits  for  iiiU'stinal  tiansporl  of  sugars.  (Wil¬ 
son  c‘l  al.;  Fed.  l’ro(.,  19,  lf)(i();  and  Crane: 
J’hysiol.  Rev.,  fO,  lOGO.) 


I 
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FRUCTOSE  ABSORPTION 

It  has  been  known  since  the  work  of  Ciori'^^  that  the  rate  of  absorj>- 
tion  of  Iriu  tose  was  between  those  of  the  rapidly  absorbed  sugars,  glucose 
and  galactose,  and  those  of  the  slowly  absorbed  ones  such  as  mannose 
and  xylose.  In  1931  Bollman  and  Mamd^  showetl  that  intra\enously 
injected  fructose  coidd  be  converted  to  glucose  l)y  the  gastrointestinal 
ti act  ol  the  dog.  A  few  years  later  Las/t’*^^  reported  experiments  in  which 
fructose  was  converted  to  glucose  by  homogenates  of  intestinal  mucosa 
and  K jerull- [en.sen’*^  reported  a  rise  in  blood  glucose  after  fructose 
feeding  to  a  rabbit.  Pillai  and  .Saxemd'^^  have  recently  found  that  a 
similar  interconversion  occurs  in  the  intestine  of  the  cockroach. 

Particularly  convincing  experiments  on  the  fructose-to-glucosc  con- 
\cision  during  absorj)tion  wet  e  pro\  ided  by  Darlington  and  (fuastek’'’ 
and  also  by  Fridhandler  and  Quastel,««  who  identified  glucose  by  means 
ol  the  .si)ccific  glucose  oxida.se  meth(Hl.  Fhe  rate  of  movement  of  fructose 
appeared  to  be  roughly  proportional  to  the  luminal  concentration  while 
the  rate  of  its  conversion  to  glucose  remained  relatively  constant  over 
a  wide  range  of  fructose  concentrations  (  Fable  17).  When  fructose  was 
J)laced  on  both  sides  of  sacs  of  hamster  intestine,  no  transport  against 
a  concentration  giadient  occurred  (Figure  17).  I  he  concentration  of 
fructose  fell  on  both  sides  of  the  intestinal  wall  and  the  glucose  formed 
appeared  largely  on  the  .serosal  side.’^s 

Another  aspect  ol  Inutose  absorption  is  its  conversion  to  lactic 
;j(id  by  the  intestine  in  .some  animal  si)ecics.  Kiyasu  and  ChaikofP^ 
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300, 
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mucosal  and 

SEROSAL 
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□  FRUCTOSE 
^  GLUCOSE 
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Figure  47.  T'he  absorption  of  fructose  by  hainster  intestine.  Fructose  (200  ing. 
per  cent)  was  placed  on  each  side  of  the  intestinal  sac.  (W  ilson  and  X’incent:  J.  Riol 
Chem..  2/6,  1955.) 


Table  17.  Fructosf.  .Absorption  by  I.soi.ATFn  Gitnfa  Pk.  Intestine 


FRUCTOSE  CONG.  ON 

MUCOSAI.  SIDF. 

(mM.) 

APPEARANCE  OF 

SUGAR  ON  SEROSAI.  SIDF 

FRUCTOSF. 

^moi.fs/hr. 

Gl  I’COSF 

^^moteVur. 

7 

2.1 

19 

14 

5.6 

22 

28 

15 

19 

Fakrn  from  Table  A’l 

of  Riklis  and  CInastel:  Canad. 

J.  Rioebem.  Physiol.,  ?6;347, 

1958. 


(annulatcd  a  inc.senteric  vein  in  the  rat  and  collected  venous  blood 
during  al).sorj)tion  of  radioacti\e  fructose.  .\s  much  as  50  per  cent  of  the 
radioacti\ ity  in  the  portal  plasma  was  lactic  acid.  I  hc  conversion  of 
glucose  to  lactate  as  one  mechanism  of  sugar  absorption  was  suggested 
f)y  Wilson  and  Wiseman'^^’ on  the  basis  of  iri  vitro  experiments  with 
rat  intestine.  I  herc  are  a[>parently  dilferences  between  sjx'cies  in  lactate 
prodiKtion,  as  the  guinea  pig  prodiues  \ery  little.'*' 

The  mechanism  ol  the  intercoinersion  of  fruttose  and  glucose  is 
apf)arently  similar  to  that  discovered  by  Hers  and  Kusaka  in  li\er'’ 
and  is  shown  in  Figure  18.  Fructose-l-phos[>hate.  the  prtKiuct  of  fructoki- 
nase,  was  first  isolated  by  k jerulf- [ensen  from  the  intestinal  mucosa  of 
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Fructose 


(Fructokinase) 


Fructose- 1  -phosphate 


Glucose  +  HPO^”" 
(Glucose-t-phosphalase) 

Glucose-6-phosphate 
-|-  ATP  (Hexosephosphate  isomerase) 

Fructose-6-phosphate 


(Hexosediphosphataie) 


HPO,-- 


Fructose-i, 6-diphosphate 


(Aldolase) 


Glyceraldehyde  -f-  Dihydroxyacetone  phosphate  ^  Glyceraldehyde- 3 -phosphate 

(Triosephosphate  isomerase) 


+  ATP 


(Triokinase) 

Figure  -fS.  Pathway  of  conversion  of  fructose  to  glucose  in  liver.  (Hers  and  Kusaka- 
Hiochiin.  et  biophys.  acta.  11,  1953.) 


rats  and  labbiLs  during  Iructose  absorption.  Presnnijni\e  e\idente  foi'  its 
presence  in  guinea  pig  gut  has  been  presented  by  Ginsburg  and  Hers.'« 
According  to  tlie  Hers  scheme  (Figure  48)  fructose  is  coinerted  into  two 
triosc  jjliosphates  which  can  be  intercoinerted  by  an  isomerase  so  that 
wlien  two  triose  phosphates  are  converted  to  liexose  again,  carbon  I  of  the 
original  fructose  will  become  e(|ually  distributed  between  carbons  1  and 
b  ol  the  resulting  glucose  molecule. 

I  he  pieclicteci  raTKloini/ation  ol  the  lal)el  Iroin  rructosc- 1 -(;'■•  Iti  its 

co.iveision  loslucose  was  IouikI  iiKlepcnilemly  it,  two  lahoiatories  '■« 

Uittose-li-phosphatase,  the  final  it,  the  se<|„e„<e.  was  IooihI  it, 

lai-sc  a,„o„„ts  the  Ruinea  pi^  hot  was  absent  o,  lot.nti  in  stnall 

antonnts  n,  the  fat.  The  lack  ol  this  e„/y,„e  in  the  ,at  is  ptestnnecl  hv 

C.ntshtnx  •i"<l  llers"'  to  atronnt  lor  the  vc,y  poor  eonvetsion  ol  In.etose 

tosTieose  ,„  tins  annnal.  They  tnake  the  lollowins  inle.ente  witi,  ,eo„,| 

u,  the  pathway  ,n  htnnan  intestine:  "ll  this  is  t,„e,  the  la,  l  that  ..lomse- 

fi-phosphatase  eonkl  not  he  .Icteeted  in  htnnan  intestine  ,„i};l„  ,h„|i,a,c 

ihal  Irnetose  ,s  not  tonvertetl  tosin.ose  in  the  eontse  of  tli^eitive  ahsorn- 
tion  m  man.”  P 

Kmetose.  then,  is  nt,i,|ne  antottg  snga.s  in  intestinal  ahsorption  \|. 
‘I'-ugh  hy  ttseil  ,t  is  t,ot  actively  transporte,!  hy  the  stnall  intestine'  it 
.nay  he  tonyerted  ,t,  the  tntestinal  epilhelintn  into  twosepa.ate  tnetaln'.lic 
-.ochnts,  g  .„„se  at,d  laeti,  a.i.l,  witieh  are  tlisehargetl  into  tl,e  hlo.Kl 
iKine  1.)  illtistraies  these  pathways  of  Irnttose  alisorptiot,. 
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Fijrute  49.  Dilfeiciu  |)ath\vays  of  fruclose  in  the  epithelial  cell  of  the  sinall 
intestine. 


X\  L()SE  .\IiS()RI»TK)N 

Some  extremely  iinere.sting  obserxations  on  D-xylo.se  absorjjtion  have 
recently  been  rejiortecl  by  Salomon,  .Mlmns,  and  Smith. These  au¬ 
thors  observed  two  phenomona  which  are  not  consistent  with  the  view 
that  xylose  crosses  the  intestinal  wall  by  jtassixe  tlilinsion.  The  first 
obseivation  was  that  ghtcose  inhibited  the  movement  ol  u-xylose  from 
mucosal  to  serosal  sides  of  guinea  pig  intestine  in  xntro,  when  the  sugar 
was  moving  from  a  higher  to  a  lower  concentration.  The  fact  that 
i)-xvlose  is  not  actively  transjiorted  against  a  concentration  gradient, 
tnul  that  it  does  not  tipprec  iably  inhiliit  galactose  transport,  led  most 
workers  to  believe  that  this  jxntose  h;ts  no  afhnity  for  the  glucose  trans- 
jiort  system.  I'his  new  observation,  however,  suggests  that  glucose  and 
D-xylose  share  some  carrier  system. 

The  second  obser\ation  was  the  iiuhiced  counterllow  of  xylose  by 
the  addition  of  glucose.  In  this  experiment  everted  intestine  was  incu¬ 
bated  with  radioactive  n-xylose  on  the  mucosal  side  until  sugar  ecpiilibri- 
um  was  reached  (90  min.),  (ducose  was  then  added  to  the  mucosal  side 
and  a  transient  increase  in  n-xylose  concentration  on  the  mucosal  side 
was  obser\ecl.  This  behacior  could  occur  only  in  the  presence  ol  some 
type  of  membrane  carrier  which  had  afhnity  for  both  glucose  and  xylose. 

The  exjilanation  lor  this  interesting  observation  is  not  yet  clear. 
One  possiliility  is  tluit  n-xylose  has  a  slight  afhnity  for  tfie  sugar  transport 
svstem.  lint  sue  fi  ;i  slight  ttffmity  tliat  no  metisin  tdile  ti  tmsjioi  t  against  a 
gradient  can  be  olxserved.  If  tfiis  were  the  case  a  compound  such 
as  phlori/in  with  ;i  strong  afhnity  for  the  carrier  slioidcl  radically  inhiliit 
n-xviose  movement,  .\nother  ]K)ssil)ility.  of  course,  is  that  tfiere  is  a  separ¬ 
ate  transport  system  lor  n-xylose  lor  wide  h  ghuose  liapin-ns  to  liave  an 
affinity.  Tnrther  experiments  are  re(|nirecl  to  resoKe  this  cpiestion. 
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LOCALIZATION  OF  PERMEATION  MECiHANISMS 

A  (nil  clesc rij)ti()ii  ol  glucose  traiisjjoit  across  the  epitlielium  ol  the 
small  iiuestiiic  recpiires  cleiailecl  knowledge  ol  the  intracellular  localiza¬ 
tion  ol  the  cliflerent  parts  ol  the  iransj)ort  system  and  the  j^ermeabiliiy 
haniers.  Newey,  Jhnsons,  and  Smyth’-**  ha\e  shown  that  jdilorizin,  at 
concentrations  which  do  not  afleci  endogenous  resjn'ration  (less  than 
lO-"’  M.),  inhihits  the  metabolism  of  glucose  from  the  mucosal  side  of  the 
cell  as  well  as  net  transj^ort,  while  utilization  Irom  the  serosal  side  is 
unallected.  It  was  concluded  that  jddorizin  inhibits  the  mechanism  re- 
sj)onsihlc  lor  mo\emcnt  ol  glucose  actoss  the  luminal  border  of  the 
epithelial  cell.’-*’ 

-Additional  inlormation  has  been  gained  in  the  study  of  sugar  ac¬ 
cumulation  during  intestinal  transjjort.  Intestinal  tissue  will  accumulate 
glucose,**"  galactose,***  h-deoxyglucose,^*^' and  others^-  during  the 
trans]K)rt  ol  these  com]3c:)uncls  ni  xntro.  If  the  primary  transport  system 
were  located  at  the  luminal  border  of  the  ejnthelial  cell,  accumulation 
ol  sugar  would  be  expected  tcj  occur  within  the  columnar  epithelium. 
II,  on  the  other  hand,  the  primary  transjjort  were  located  at  the  base 
of  the  epithelial  cell,  accumulation  would  occur  below  the  cell  in  the 
loNinid  piopria.  McDougal,  Little,  and  Crane’-**  reccntlv  showed  that 
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clurini;  tissue  accunuilation  of  o-galactose  the  concentration  of  this  sugar 
was  greater  in  the  epithelial  layer  than  in  the  rest  of  the  tissue.  In  this 
study  the  tissue  was  freeze  dried  and  the  cell  layers  separated  by  micro¬ 
dissection.  They  inferred  from  this  exjXTiment  that  the  transport  system 
was  locatetl  on  the  luminal  border  of  the  cell.  Similar  conclusions  were 
drawn  by  Rinter*’^  with  autoradiograjjhic  methods  de\eloj)cd  in  his 
laboratory.*’’  This  metluKl  has  considerable  resolution,  especially  when 
tritiated  compounds  are  em|)loyed.  Figure  50  shows  the  accumulation  of 
galactose  within  the  epithelial  cells  of  hamster  intestine  incubated  in 
x’ttrn  for  one  minute  in  the  juesence  of  the  C’^-labeled  sugar.  T  he  distiiu  t 
band  of  darkening  corresj)onds  to  the  height  of  the  epithelial  cell.  Similar 
results  were  obtained  with  .*^-0-methylglucose,  which  Clsaky  has  shown 
to  be  nonmetabolizable.^**’ It  is  inferred  from  these  data  that  there 
is  an  “entrance  j)ump”  at  the  luminal  border  of  the  cell  and  a  perme¬ 
ability  barrier  at  the  basal  jjortion  of  the  cell  (Figure  51). 


ENTRANCE  PUMP 


TISSUE 

ACCUMULATION 


EXIT  BARRIER 
plus  OPPOSING  PUMP 


Fisrure  ‘>i.  Hypothetical  ar¬ 
rangement  of  sugar  transport  sites 
for  absorptive  cell  of  the  small 
intestine.  (Kinter;  in  Pror.  12th 
.\nn.  (,onf.  Nephrotic  .Syndrome, 
HKil.) 


.An  unexpected  finding  was  the  accumulation  of  sugar  in  the  cells 
of  the  crypts  t)f  l.ieberkiihn.  I  he  entraiue  of  the  sugar  into  the  lumen 
of  the  crypt  and  subse<|uent  transfer  into  the  cell  was  ruled  out  by  the 
fact  that  radioactise  inulin  did  not  enter  the  lumen  of  the  cryfit  when 
incubated  in  a  similar  manner  and  by  the  histologital  observation  that 
the  hunina  of  the  (lypts  were  jilugged  with  imuus.  II  these  observations 
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art*  tonec  t,  one  alternative  exj^lanatinn  is  tliat  the  basal  poi  tion  ol  the 
cell  “j^mnj^s”  sugar  Ironi  the  connettive  tissue  sj^aces  intci  the  cell  against 
a  eoncentration  gradient.  A  working  hyj^othesis  is  that  the  active  transport 
system  is  present  alc^ng  the  entire  cell  membrane,  the  net  movement  Irom 
lumen  to  blood  being  cine  to  the  far  greater  surface  area  because  of 
the  micro\illi  at  the  luminal  border  cjI  the  cell  (Figure  51).  Oxender 
and  Cdn  istenseid'^*  jjropcrsed  a  similar  hyjR^thesis  in  1959. 


FACTORS  INFLUENCJNC;  CiLUClOSE  ABSORPTION 

Diet 

Fasting  in  rats  and  other  experimental  animals  leads  to  a  decreased 
intestinal  absorption  of  glucose  as  measured  in  vivo.  Cori  and  Cori^'^ 
found  that  both  glucose  and  fructose  absorption  were  reduced  in  rats 
lasted  24  or  48  hours.  This  general  observation  was  later  confirmed  by 
.Marraz/d"^  and  by  Magee. Semistarvation,  or  reduction  in  food  in¬ 
take,  has  the  opposite  effect.  Kershaw,  Neame  and  Wdseman^^ 
shown  that  there  is  a  striking  increase  in  the  capacity  of  the  intestine 
from  semistar\ed  rats  to  absorb  both  glucose  and  histidine  compared  with 
the  control  (Table  18).  As  the  absorptive  capacity  was  estimated  with  the 
intestine  in  vitro  and  calculated  on  a  dry  weight  basis,  the  authors 
repeated  the  experiments,  making  the  absorption  measurements  in  vivo. 
I  he  entire  intestine  of  the  semistarved  rat  had  about  twice  the  capacity 
ol  the  control  to  absorb  glucose.  While  comj)lete  starvation  causes  a  fall 
in  hydrolytic  enzyme  levels  of  the  intestine,  Lojda  and  Fabryio^  pave 
shown  that  intermittent  starvation  residts  in  an  increase  of  bcjth  alkaline 
phosphatase  and  esterase  in  the  iipj^ei  intestine.  T  here  apj^ears  to  be  a 
lundamental  difference  between  fasting  and  semistarvation  in  their  effect 
on  the  functional  capacity  ol  the  small  intestine.  Wdiether  this  is  because 
of  an  altered  pattern  of  maturation  of  epithelial  cells  or  some  type  of 
adaptive  change  is  a  cjuestion  that  recjinres  further  study. 


Table  18.  Effect  of  Sf.mistarvation  and  Refffdinc  on  Intfstinal  I  ransfort 


DIETARY  REGIMEN 


ACTIVE  transport/100  MG.  DRY  WEIGHT 


DAYS  OF  SEMI- 
STARVATION 


DAYS  OF 

SUBSEQUENT 

FEEDING 


GLUCOSE 

(MG.) 


I.-IIISIIDINE 

(^MOLES) 


I’"''''""'  '■>  5  K'"  focKl  ani.nal  cl.v.  Subs,-,,,,.-,,, 

I  .k.ifti,  ,?  '  raiis|.„rl  was  ,li-tci  iiiiiRil  will,  even,', I  saw'  „f  imcltiiie 

I  akd,  f,o,n  Kershaw.  Neame,  and  Wiseman:  J.  Physiol.,  7  52: 182,  l%0. 
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Hormonal  (Changes 

1  licie  arc  many  jjrotomul  changes  in  intestinal  absorjition  assoc  iated 
with  altered  hormonal  balance.  Pauls  and  Drury''^  showed  that  diabetic 
animals  absorb  glucose  more  rajiidly  than  normal.  I  his  was  later  con¬ 
firmed.  38  rhere  are  conllicting  claims  on  the  elleci  of  insnlin 

administration.  recent  study  ol  (]rane38  has  extended  these  observa¬ 
tions  tinder  mcjre  controlled  conditions  than  those  a\ailable  jjrevionsly. 

1  able  19  shows  that  the  transport  ol  the  mjinnetaboli/able  sugar,  (i-deoxy- 
glncose,  was  more  than  twice  as  great  in  the  alloxan-treated  rats  as  in 
the  controls.  Xc.)  effect  of  insnlin  addition  in  x>ih<j  was  observed. 


Table  19.  G-Dkoxm.i  c  cosr.  Acciimch  a tion  bv  Sikibs  of  Imkshnf  from 


\ORM.\i,  .AM)  .Ai.i.oxa.n-Diabfir: 

Rats 

.NUMBFR  OF  ANIMA1.S 

TissiiF.  c:o.\c.  OF 
()  1)1  OXM.l.CCOSF  (IllM.) 

Xoi  inal 

9 

2.9 

.Mloxan-injectccl 

11 

6.9 

Tissue  (0.4-0. 6  gni.)  was  incubated  for  21  minutes  at  37°('..  in  10  ml.  l)itarbonate- 
saliue  containing  0.5  mM.  0-deoxyglncose.  I  aken  from  Caaiie:  biocliem.  Hi()[)liys.  Res. 
Comm.,  -/idSO,  1961. 


Interest  in  the  relationship  between  the  adrenocortical  hormones 
and  absoi'jition  arose  largely  frt^m  exjx'riments  in  the  laboratory  of 
V’^erzar  in  .Switzerland.  I'lie  first  of  a  series  of  jjajiers  on  the  reduction 
of  glucose  absorjjtion  following  adrenalectomy  was  published  by  W’il- 
lirandt  and  LengyeP®'  in  I9S.^.  I  hese  authors  also  ioimcl  that  xylose 
absorption  was  nnaflected  in  adrenaletomized  animals,  which  led  the 
authors  to  believe  that  the  adrenals  control  in  a  rather  direct  manner 
the  active  transpcjrt  system  for  sugars.  .Mthongh  there  has  been  some 
discussion  in  the  literature  ccjncerning  the  rcjle  of  Xa(d  snj^jdements 
to  the  diets  of  the  adrenalec  tomized  animals,  there  seems  to  be  consider¬ 
able  snpjx>rt32>  117  p),.  flip  oiiginal  claim  of  W'ilbrandt  and  I.engyel. 

The  work  of  Althansen  and  his  associates  has  shown  a  relationship 
between  the  thyroid  gland  and  sugar  absorj)tion.3' ••  Removal  of  the 
thyroid  reduces  the  absorption  rate  while  the  administration  ol  thyroid 
extract  to  normal  animals  increases  absorption.  Although  these  experi¬ 
ments  were  performed  in  t'/t'o,  considerable  care  was  taken  to  control 
the  many  variables,  rhis  cpiestion  is  of  such  geneial  interest  that  it 
should  he  explored  further  with  more  recent  in  x'itro  and  in  vivo 
methods. 

There  apjxars  to  be  a  definite  sex  difference  in  sugar  absorption 
which  would  tend  to  implicate  the  gonadal  hormones  in  the  regulation 
of  sugar  transport.  Denel  ei  al.'''’8  lonnd  that  female  rats  absorb  moie 
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glucose  tliaii  males.  In  intro  studies  ol  Fisher  and  Parsons'’*^’ confirm 
this  obscr\ation  under  conditions  free  of  in  vivo  complications  of  blood 
flow  changes,  alterations  in  gastric  emptying,  and  changes  in  motility. 
In  addition,  .Mthauseir^  found  that  o\ariectomy  significantly  reduces 
the  rate  of  absorjjtion. 

A  more  complete  discussion  of  the  cxtensi\e  literature  on  this  im¬ 
portant  subject  will  be  found  in  reviews.^* 


POTIIESES  FOR  THE  MECHANISM  OF  SU(;AR  AKSORPTION 

.\  \ariety  of  hyjjotheses  comerning  the  mechanism  of  sugar  absorjj- 
tion  have  been  adxanced  frciin  time  to  time  l)ut  only  those  of  current 
interest  will  l)e  discussed  here.  For  further  details  of  the  older  literature 
or  for  different  points  of  view  the  reader  may  considt  other  reviews.’®'* 

173,  169,  36,  185 


Phosphorylation  Hypothesis 

Wilbrandt  has  recently  reviewed  this  subject’®®  and  jioints  out  that 
the  concept  of  chemical  alteration  of  a  compound  during  mendjrane 
transjiort  was  de\eloped  by  fibber®-’  and  Ver/ar’®'  prior  to  the  enunci¬ 
ation  of  any  specific  hypothesis.  In  19.S.S  Wilbrandt  and  Laszt’®®  jiro- 
posed  that  sugars  were  jdiosphorylated  at  the  cell  memlirane  as  part  of 
a  ttansjioit  mechanism.  In  the  same  year  I.undsgaard”^  jirojiosed  a 
simihu  mechanism  foi  sugar  absorption  liy  the  kidney.  T  he  hypothesis 
was  based  primarily  on  the  oliservation  that  iodoacetatc  and  phlorizin 
(belicxed  to  be  specific  inhiliitors  of  phosjihorylation  reactions)  inhibi¬ 
ted  glucose  absorption  by  the  kidney  and  intestine.  The  hypothesis  was 
extended  liy  Kalckar”®  and  Krogh’®’  who  proposed  that  when  glucose 
was  phosjihorylated  by  hexokinase  at  the  luminal  surface  of  the  ejiithelial 
cell,  the  glucose  phosjihate  diffused  across  the  cell  and  was  dephosphory- 
lated  f)y  a  phosphatase  at  the  serosal  border  of  the  cell  to  become  free 
glucose,  which  was  liberated  into  the  filood.  lu  support  of  this  view  it 
was  found  that  sugar  phosphates  accumulated  in  the  intestinal  ejiithelium 
during  sugar  absorption.’®®*  '2.  9o,  128.  126.  .59.  1.32  ,  75  Hissegger 

and  Faszt’^  then  presented  evidence  that  the  kinase  activity  in  the 
intestine  for  different  sugars  was  proportional  to  their  rate  of  absorp¬ 
tion.  And  finally,  alterations  in  the  phosphatase  activity  in  the  kidney”® 

and  intestine’"®  in  various  states  seemed  to  give  additional  weight  to  the 
hyjiothesis. 

0^el■  a  |,m(Kl  of  niaov  ycais  evidence  sloiviv  accUTnula(e<l  wliicl) 
seemed  lo  cast  tioni,,  „„  ,hc  validity  of  titis  titeorv.  11, e  itthil.itots 
totloatclate  an, I  phioii/in,  ate  now  known  not  to  he  specific  lot  phos- 


100 


INTESTINAL  ABSORPTION 


phorylation  reactions.  locloacetate  reacts  with  the  snlthyclryl  groups  of 
many  proteins  and  cannot  be  considered  a  sj^ecific  inhibitor.  I.otsjieich'" 
has  recently  reviewed  the  data  on  phlorizin  and  concludes  that  it  can  act 
on  oxidati\e  reactions*''’"*  at  certain  concentrations,  althcjugh  its  pri¬ 
mary  site  ot  action  is  probably  permeation  mechanisms  on  cell  surfaces. 
Accumidation  ol  sugar  phosphates  during  absorption  cannot  he  taken  as 
evidence  tor  their  |)articij)ation  in  transport  as  many  cells  increase  the 
concentration  ot  intermediates  of  metabolism  upon  the  addition  of  uti- 
lizahle  sugars.  I  he  other  evidence  in  favor  of  the  hypothesis  either  has 
not  been  duplicated  in  other  laboratories  as  in  the  case  of  the  kinases'**- 
or  is  amenable  to  alternative  exf)lanations  as  with  the  phos{)hatase 
changes,  riius,  the  e\idencc  on  which  the  theory  was  based  has  jHoved 
to  he  inadetjuate. 

l’erha{)s  the  most  compelling  evidence  against  the  hypothesis  of  phos¬ 
phorylation  is  the  accinmdated  data  on  the  specificity  of  the  sugar  trans¬ 
port  system  ot  the  hamster  (see  previous  section),  d'he  data  indicates 
that  the  specificity  retpiirement  for  transport  includes  six  or  more  carbon 
atoms,  a  n-pyranose  ring  structure,  and  an  intact  hydroxyl  group  at 
carbon  2.  Phosphorylation  of  a  hydroxyl  group  at  carbons  1,  .H,  1,  a,  or  fi 
has  been  eliminated  and  such  a  combination  at  carbon  2,  although  not 
excluded,  would  he  a  very  unusual  reaction. 

Further  evidence  that  giucose-fi-phosj)hate  was  not  an  intermediate 
in  glucose  absorjJtion  was  jjrovided  by  Landau  and  Wdlson.'"-  In  these 
studies  radioactive  galactose  was  used  to  label  the  glucose-fi-jdiosphate 
pool  within  the  tissue  and  the  j)roj)or(ion  of  transjiorted  glucose  passing 
through  this  pool  was  estimated  by  the  radioactivity  of  the  transjx)rted 
glucose  recovered  on  the  serosal  side  of  intestinal  segments.  This  calcula¬ 
tion  indicated  that  less  than  10  per  cent  of  the  transported  glucose 
(ould  have  passed  through  this  pool.  Although  this  exjjeriment  was  of 
an  indirect  type,  it  suggested  that  phosphorylation  at  carbon  (i  was  not 
involved  in  glucose  absorption.  One  variation  of  the  general  phosphory¬ 
lation  hypothesis  involves  the  conversion  of  glucose  to  two  triose  phos¬ 
phates  followed  by  recondensation  to  hexose.  'Fhis  possibility  was  con¬ 
sidered  by  Wilson  and  \h'ncent as  lactic  acid  was  found  during  glucose 
and  fructose  absor[>tion  both  /;/  and  m  r'/T'o. 

Conclusive  evidence  against  this  triose  hypothesis,  however,  has  been 
presented  for  the  intestine"*''**  '**^*  and  the  kidney.^^ 

M  utarotation 

In  1951  Keston**''*  suggested  an  interesting  mechanism  lor  sugar 
transf)ort  by  the  kidney  and  small  intestine.  He  found  that  the  mutarotase 
present  in  the  kidney  had  a  substrate  specificity  similar  to  that  of  the 
kidney’s  sugar  absorption  (glucose,  galactose,  and  xylose)  and  that  the 
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enzyme  was  inhibited  by  phlorizin.  I  he  fact  tliat  l-dcoxyglucose  as  well 
as  a  and  yy-methylglucosidc  ((oinpoiinds  which  cannot  nuitarotate)  are 
transported  by  the  intestine  makes  this  theory  unlikely. 

Other  Chemical  Mechanisms 

Crane  and  Krane^*^  ha\e  excluded  scjine  other  tyj>es  of  specific 
chemical  reactions  during  tiansjiort  by  a  series  ol  ingenious  exj>eriments. 
rhe  sidistitutioii  of  ClCOll  for  the  H  at  carbon  2  (2-c>hyclroxymethyl 
glucose)  does  not  alter  the  transjxirt  of  the  molecule,  indicating  that 
oxidation-reduction  at  C2  could  not  occur.  The  jjossibility  that  the 
hydroxyl  grouj)  at  carbon  2  was  inxohed  in  some  chemical  reaction 
during  transport  was  also  considered  by  (irane  and  Krane.'^”  They  {:)er- 
formccl  exjieriments  with  1,  ,5-aidiydro-i)-glucitol  in  the  j^resence  of  H20*^ 
and  with  glucose-2-0‘*  in  the  presence  of  H2O.  During  intestinal  transport 
of  these  sugars  no  exchange  of  took  place.  I'hese  experiments  elimi¬ 
nate  dehydration-rehydration  or  certain  other  reactions  which  would 
entail  the  loss  of  oxygen  from  carbon  2. 


Direct  Coupling  of  Na  Pump  and  Sugar  Transport 

The  observations  of  Riklis  and  QuasteP^^  and  others^^' ^3. 47. 52, 
54,  151  necessary  for  glucose  transport  have  stimulated  specula¬ 

tion  on  the  role  of  this  ion  in  sugar  absorption.  Crane,  Miller,  and 
Rihler^3  recently  shown  a  direct  correlation  between  Na  concen¬ 

tration  in  the  medium  and  sugar  transport.  direct  coupling  of  the 
sodium  trans})ort  system  to  that  for  sugars  was  suggested  to  account  for 
this  observation.  I'he  relationship  between  Na+  and  sugar  trans])ort  is 
an  extremely  interesting  one  and  bears  further  exploration. 


Pinocytosis 

Pinocytosis  has  been  considered  as  one  jxissiblc  mechanism  for  trans¬ 
port  of  sugars.  Recently  this  type  of  mechanism  has  been  shown  to  be 
iinolved  in  sugar  perme.diility  oi  adipose  tissue  in  rcsjxinse  to  insulin.^*’ 
In  the  intestine,  however,  sugar  absorjition  is  not  stimulated  by  insulin  or 
other  proteins.  Although  pimnytosis  cannot  be  cxcludetl  from  considera¬ 
tion  there  is  no  evidence  at  jnesent  to  support  such  a  hyjxnhesis. 


Current  Views 

Attcmi>ts  to  discover  specific  chemical  alterations  in  the  glucose 
molecule  during  intestinal  transport  have  thus  far  met  with  failure 
I  his  has  suggested  that  perhaps  transport  does  not  involve  formation  and 
splitting  ol  a  covalent  bond  but  simply  an  adsorption  to  and  desorption 
from  some  type  of  membrane  carrier  probably  hxatetl  in  the  plasma 
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inenilirane  on  the  luminal  border  of  the  tell.  W  ith  the  modern  ttiols  of 
the  biothemist  available,  it  now  appears  feasible  to  attack  the  proiilem 
from  many  different  aspects.  Such  stutlies  are  under  intensive  investigation 
in  many  laboratories  and  perhajjs  in  the  not  too  distant  future  some 
concrete  information  will  be  uncovered  toncerning  the  biochemical 
meclninism  ol  sugar  trauspoit  liy  the  intestine. 
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CHAPTER 


Amino  Acids 


SOURCE  OF  PROTEIN  PRESENTED  TO  THE  GI  TRACT 
I’rotein  Intake 

I*r()tein  is  one  ol  tlic  major  loodstuffs  in  the  animal  diet  and  is 
essential  lor  lile.  A  \arieiy  ol  amino  acids  cannot  he  synthesized  by  the 
animal  body  and  must  therelore  be  proxided  in  the  diet  in  the  lorm  ol 
protein.  .A  70  kg.  man  must  eat  aj^proximately  1.5  gm.  ol  j)rotein  |)er  day 
to  maintain  nitrogen  balance.  This  (|uantity  ol  jjrotein  is  readily  digested 
and  completely  absorbed  in  a  normal  individual. 

Endogenous  Protein 

The  protein  molecules  presented  to  the  small  intestine  consist  not 
otdy  of  those  derixed  from  the  diet  but  those  ol  endogenous  origin  such 
as  the  enzymes  of  the  digestixe  secretions  and  descjuamated  ej)ithelial 
cells.  Nasset  et  al.'^-  haxe  studied  the  amino  acid  composition  of  the 
intestinal  contents  of  dogs  fed  xvith  and  xxithout  proteins.  similar  dis 
tributif)!!  of  free  amino  acids  xvas  ob.serxetl  in  the  lumen  xvhen  the  animal 
xvas  fed  a  jjrotein  xvith  ati  unusual  amino  acid  j)attcrn  or  xvhen  the  dog 
had  been  fasting.  The  authots  (oiKluded  that  ( onsidei able  endogenoui- 
protein  diluted  the  dietary  j)rotein.  Adtlitional  experiments  xvere  per 
formed  by  Nasset  and  In"’'  xvho  estimated  that  xvhen  dogs  or  rats  xvere 
fed  a  meal  of  labeled  caseiti  th.ere  xvas  a  three-  to  eightfold  dilution  ol 
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the  ingested  casein  in  the  lumen  of  tlie  intestine,  l  lie  source  of  the 
endogenous  protein  is  mainly  the  jirotein  of  tlie  gastrointestinal  secre¬ 
tions.  If  7  liters  of  secretions,  an  estimate  for  man,  contain  an  a\’erage 
of  2  per  (cnt  jirotein,  then  IK)  gm.  of  jnotein  would  he  added  to  the 
intestinal  contents  in  this  fotin.  Descpiamation  of  the  ejiithelial  lining 
ol  the  (i.I.  tract  in  21  houis  might  he  about  250  gm.,  according  to  the 
estimate  of  Lehlond  and  Walker,^*’  which  might  add  an  additional 
25  gm.  of  piotein.  If  the  total  intake  of  protein  jier  day  is  assumed  to  he 
about  50  gm.,  this  will  he  diluted  in  the  intestinal  tract  by  a  factcjr  of 
about  ‘k  The  dilution  undoubtedly  varies  with  different  conditions  in 
different  animals  but  is  certainly  a  significant  feature  of  protein  digestion 
and  absorption  in  most  animals. 


PROTEIN  .ABSORPTION  IN  THE  FETUS  .AND  NE^VBORN 

J  he  fetal  and  newborn  animal  of  most  mammalian  sjjecies  absorbs 
intact  jiiotein  molecides  from  its  small  intestine  by  a  process  of  pinocy- 
tosis.*-  I  his  cajjacity  to  absorb  large  molecules  and  particulate  material 
ceases  shoi  tly  befoie  or  after  birth  (depending  on  the  s].)ecies)  and  the 
adult  imjiermeability  of  the  intestine  appears.  In  the  human  this  change 
occurs  before  birth  while  in  the  rat  the  juvenile  state  persists  until  wean¬ 
ing,  at  about  three  weeks  of  age.  The  epithelial  cell  of  the  adult  mammal 
is  impermeable  to  intact  jjrotein  molecules.  The  absorjition  of  small 
amounts  of  antigens  and  other  proteins  is  well  known  but  it  is  c]uantita- 
tively  insignificant.  Cihapter  10  deals  with  this  interesting  problem  in 
considerable  detail. 


FORM  IN  \VHIC:H  PROTEINS  ARE  ABSORBED 

(Pel)tuh's  versus  Free  Amiuo  Aeids) 

Because  ol  the  difficulties  in  estimating  amino  acids  before  1011 
U.e  earlier  w„rkcrs  <oi.l<l  „„i  .Icci.le  whether  |tr„teh.s  were  ahst.iheti 
■luatl.  as  peirti.les,  „r  as  free  atitls.^i  With  tile  clevel.>|,iiiem  ,.l  tlie 
intmtis  at  itl  inelliotl  lor  alpha  ai.iin,,  iiitrosen  tietei  iniiialion.  Van  SIvke 
anil  Meyer«  were  able  In  tlenionslrale  a  rise  in  free  amino  arid  nitroeen 
lomemration  in  the  hlooil  after  leedinf.  heef  to  dogs  (  Tahle  211).  \  small 

ti.t  s.g, III, cant  rise  in  hlootl  amino  arid  level  was  observed  .iiirini.  rirtti. 
lation  thiough  the  absorbing  small  intestine. 

l.mi<lon.«  while  tonlirniing  the  ohservalion  of  an  inrrease  in  amino 
y  tls  III  imrial  blood  dining  absorption  in  dogs,  riainied  to  identilv 
■Isiileiahle  tpiantilies  ol  pepli.les  in  portal  I . .  after  a  meal  Methods 
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‘>2.  .\]>|}earance  of 
free  amino  acids  in  |)oital  vein 
l)lood  follouiiif^  a  protein  meal, 
rwo-dimensional  jrapei  chro- 
malogiams  spraved  with  nin- 
livdi  in  to  visnali/e  amino  acids. 
Sam])les  of  |)ortal  blood  weie 
taken  fiom  a  fasting  dog  (up¬ 
per)  and  from  the  same  dog 
2.-5  lionrs  following  ingestion 
of  100  ml.  of  |jer  cent  human 
serum  all)umiu  (lower).  (I)eut 
and  .Schilling,  Hiochem.,  ]., 
H,  1910.) 


% 


lor  tlic  estimation  ol  pejititles  at  that  time  were  entirely  unsatisfactory 
and  not  until  the  advent  of  ( hromato.trraphy  was  it  possiltle  to  reinvesti 
^ate  the  problem  with  reliable  analytical  procedures.  Dent  and  Sclnll- 
ing‘«  and  Chi  istensen'"  in  1‘)1‘)  made  a  c  arelid  study  of  the  amint* 
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Tal)lc  2(1.  Kfkkct  of  a  I’roffin  .Mfai.  on  Amino  Atin  C.ontfnt  of  Blood 


AMINO  ACID  NITROGEN 

TIME 

vf:ssel 

(MG./ 100  ML.) 

DOG  A 

DOG  B 

Before  feeding 

l  enioral  artery 

3.7 

5.2 

5  hr.  after  feeding 

renioral  artery 

8.6 

9.9 

5  fir.  after  feeding 

.Mesenteric  vein 

9.5 

10.2 

Dogs  fasted  21  hours  and  then  fed  1  kg.  of  fresh  lieef.  f  aken  from  Van  Slyke  and 
Meyer;  J.  Biol.  Cihein.,  12:¥J9,  1912. 


acid  jjattein  loiiiui  in  the  jKirtal  \cin  ol  dogs  alter  ingestion  of  various 
types  ol  protein,  figure  52  sliows  two  jjaj^er  (lironiatograins  of  portal 
blood  j:)lasnia  Ironi  a  lasted  tlog  and  the  dog  live  hours  after  being  fed 
human  serum  albumin.  I  here  was  a  striking  increase  in  many  of  the 
Iree  amino  acids.  Similar  results  were  obtained  with  casein  and  ground 
beef.  No  pej^tides  associated  with  protein  absorption  were  found  in  the 
portal  blood.  A  small  amount  of  amino  acid  conjugate  was  jjresent  in 
blood  but  was  unrelated  to  absor]>tion.  These  obser\ations  have  been 
confirmetl  by  a  variety  of  investigators. 17,41.25.82  elegant  column 
chromatography  of  Moore  anti  Stein  has  recently  been  applied  to  this 
problem  by  Levenson  et  al.^i  with  entirely  similar  results. 

In  vitro  experiments  ha\e  confirmed  the  Aiew  that  peptides  are 
poorly  absorbed.  .Agar,  Hird,  and  Sidlud  lountl  that, when  leucylglycine, 
glycylglycine,  or  glycylglycylglycine  was  jilaced  on  the  mucosal  side  of 
an  171  vitro  jirejiaration  of  rat  intestine  very  little  jieptide  appeared  on 
the  seiosal  side  tthile  large  amounts  ol  free  glycine  Avere  present  on 
both  sides.  .Another  series  of  peptides  was  studied  by  Whggans  and  Johns¬ 
ton, "3^4.  .86  confirmed  the  observation  that  little  peptide  crossed 

the  gut  wall  in  vitro.  Netvey  and  Smyth”  found  very  little  absorption  of 
peptides  with  both  in  vivo  and  in  vitro  methods.  Of  all  the  compounds 
tested,  the  glycine  jiejitides  were  most  resistant  to  hydrolysis  and  only 
with  these  compounds  was  any  detectable  peptide  found  on  the  serosal 
side.  An  incidental  rinding^^-^fi  was  the  presence  of  considerable  pepti¬ 
dase  activity  on  the  serosal  side  of  in  vitro  preparations  and  in  the 
peritoneal  cavity  of  intact  animals.  Most  peptides  clearly  have  a  short 
half-hfe  cither  in  the  lumen  of  the  intestine  or  in  the  body. 


NEUTRAL  AMINO  ACID  TRANSPORT  SA^STEM 

The  Demonstration  of  Active  Transport 

1  he  fact  that  ammo  acids  were  readily  absorbed  by  the  intestine  was 
known  for  manv  years  but  until  1950  the  evidence  for  selective  absorption 
was  inconclusive.  On  the  one  hand  libber  and  ILiber”  showed  that 
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Apparent  molal  volume  (cc.  per  mote  of  omino  cc/d) 

Fi(!;ure  5L  The  relation  between  the  late  of  al)soi|)tion  of  amino  acids  from  tlie 
intestine  of  tlie  chick  and  tlie  apparent  molal  \olnme  of  the  amino  acid.  (Kratzer: 
J.  Biol.  Cliein.,  75  5,  1011.) 

amino  acids  were  absorlied  taster  than  |Jolylntlric  alcoliols  ol  similar 
molecular  Noliime  and  unlike  the  akohols  the  amino  acids  showed 
saturation  phenomena  dnrint^  absorption  at  high  concentrations.  These 
authors  concluded  that  some  ty|)e  of  selective  ahsorjition  process  was 
involved.  On  the  other  hand,  the  rate  ol  ahsorjition  ol  various  amino i 
acids  in  the  chick  varied  inversely  with  the  molecular  volume  of  the 
(omponnd  (Figure  .a.S).  'Fhis  data  led  to  the  conclnsion  that  all  amino i 
acids  were  ahsorlied  by  simjile  dilfnsion.  In  addition,  no  consistent 
dilference  in  absorption  rate  was  lonnd^’’  between  the  two  stereo¬ 
isomers. 

The  crucial  experiments  for  the  demonstration  of  a  six’cial  process, 
for  the  intestinal  absorption  of  i,-amino  acids  were  jierformed  by  W'ise- 
man  and  his  col laborators'-'- in  a  series  of  in  vivo  and  in  -vitro  t 
expei  iments.  .\n  important  innovation  was  the  use  ol  s|K“(  ific  en/vmatic 
methods  to  determine  the-  two  enantiomorphs  ol  the  amino  acids.  'The 
first  series  of  exiieriments’'*- involved  the  study  of  the  absorption  of 
a  racemic  mixture  of  an  amino  acid  from  a  washed  loop  of  intestine  ini 
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Hgure  5-/.  Selective  al)s()iptiun  of  stei eo-isomers  of  amino  acids  from  loops  of  rat 
intestine  in  vivo.  One  ml.  of  a  lacemic  mixture  of  an  amino  acid  (0.2-0.1M.)  was  intro¬ 
duced  into  a  loo]j  of  intestine  of  an  anesthetized  rat.  After  0.5  to  1  hour,  lo.ss  of  amino 
acid  from  tlie  loop  determined  by  enzymatic  methods.  (Drawn  from  the  data  of  (.ilrson 
and  W  iseman:  llicK hem.  J., -/cV:  12(i,  1051.) 


.Ill  aiicsthetizctl  lat.  Alter  ;1()  to  ()()  niinute.s  the  amino  atitl  remaining 
in  tlie  loojj  was  washed  out  and  the  l-  and  n-isomers  estimated  separately 
witli  tlie  L-  amino  acid  oxidase  Irom  Neiirosjjora,  L-amino  acid  decarbox¬ 
ylases  and  D-amino  acid  oxidase  Irom  kidney.  I’he  L-isomer  was  absorbed 
more  rapidly  than  the  i)-enantiomorph  in  all  ol  the  13  amino  acids 
tested.  I  he  results  ol  lour  ol  the  experiments  by  Ciibson  and  W’iseman^''^ 
are  given  in  Figure  51.  Fhe  most  striking  case  was  that  ol  histidine  in 
which  the  L-enantiomor]di  was  absorbed  six  times  as  last  as  the  i)-isomer. 
1  hese  results  were  (onlirmed  in  the  guinea  pig,^^  13  39 


CONC. 

(p  Moles/ml, ) 


6r- 


4  - 


2  - 


INITIAL  CONC. 


□ 


final  serosal 


FINAL  MUCOSAL 


L-ALANINE 


D-ALANINE 


Figure  55.  Active  transport  of  i.-alanine  acro,ss  rat  intestine  in  vitm  p,  • 
rmxtu.e  of  alanine  was  placed  at  equal  concentration  on  both  sides  of  at’  intestine 
lollowmg  an  hours  nuulialion  the  amino  acids  on  the  two  u  i  1 

-•u-  speiilK  ,-ammo  acid  oxidase  and  n-amhm  add  clxhia^e  tn'T 

Wiseman:  I-  I’lusiol.,  I<I5:?.)  *■  •  (  •'oni  tlie  data  of 
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1  he  first  unec|iiiv()cal  deinoiistration  of  the  active  transport  of 
L-aniino  acids  was  an  in  vitro  experiment  by  Wiseman  in  19;) When 
a  racemic  mixture  was  added  to  both  sides  of  the  intestinal  wall  the 
L-stereo-isomer  moved  across  the  wall  against  a  concentration  giadient 
while  the  n-isomer  did  not  (Figure  55).  Fliis  imjKirtant  series  of  experi¬ 
ments  stimulated  considerable  interest  in  this  area  of  investigation. 

Agar,  llird,  and  Sidlud  confirmed  aiul  extended  the  stereospecificity 
of  amino  acitl  transport  with  in  vitro  methods.  In  addition,  they  added 
an  ini{x>rtant  improvement  in  methodology  for  the  study  of  intestinal 
absorption. 2  They  found  that,  when  tissue  segments  were  incubated 
in  solutions  containing  amino  acids,  the  tissue  concentration  of  amino 
acid  rose  to  a  value  considerably  higher  than  that  in  the  medium.  Fissue 
accumulation  occurred  with  l-  but  not  i)-histidine  (Table  21)  and  was 
inhibited  by  cyanide  and  dinitrojdienol.  As  uptake  into  the  tissue  could 
be  blocked  by  a  variety  of  agents  but  release  from  the  tissue  was  not 
affected  it  was  concluded-  that  active  transport  occurs  from  the  lumen 
into  the  epithelial  cell  while  release  from  the  opposite  border  of  the 
cell  occurs  by  diffusion. 


Table  21.  Accumui.a'Hon  of  i,-  and  D-HisnuiNK  bv  Sk(.ments  of  Rat  Intestine  in  \mro 


ISO.MFR  USED 

INITIAI. 

EXTERNAL 

(X»NC. 

mM 

FINAL 

FX  IT.RNAL 

CONC. 

IIlM 

FINAL  C.ONC. 

IN  TISSUE 

WATER 

IllM 

R  A  no  OF  CONC. 

IN  nSSUE  TO 

.MEDIUM 

U- 

5 

3.82 

11.3 

3.0 

L- 

10 

8.0 

16.5 

2.1 

L- 

20 

17.7 

23.6 

1.8 

D- 

20 

18.4 

6.3 

0.3 

About  2  gm.  of  rat  intestine,  tut  into  0.5  cm.  lengths,  were  incubated  in  20  ml.  of 
Krebs  bicarbonate  saline  containing  histidine  for  1  hr.  at  38°(..  Data  taken  from  -Agar, 
Hird,  and  Sidhu:  Biocliim.  et  biophys.  acta,  y-/:80,  1954. 


Competition  Between  Neutral  .Vmino  .\cids  for  a  Common  Carrier 

Wiseman®®  showed  that  a  number  of  neutral  amino  acids  comi>eted 
with  each  other  lor  transjiort  with  some  being  better  inhibitors  than 
others.  lie  also  found  that  the  charged  amino  acids,  lysine,  ornithine,  and 
glutamic  acid,  had  no  inhibitory  eflect  on  the  transjiort  of  histidine  and 
methionine.  Fhese  observations  have  been  confirmed  by  numerous  in¬ 
vestigators.  ®®' ®' ®®' Flegant  (piantitative  data  on  com¬ 
petitive  inhibition  of  monoiodotyrosine  by  phenylalanine  were  presented 
bv  Nathans,  Fapley  and  Ross.®®  Figure  56  shows  that  transjxirt  data  can 
be  treated  in  a  manner  similar  to  that  for  en/yme  kinetics.  Reccntl) 
Finch  and  Hird®®  studied  the  effect  of  concentration  on  amino  acid 
transfxHt  and  calculated  the  concentration  at  which  half  the  maximal 
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ligure  56.  Ihe  competi¬ 
tive  inhibition  of  i.-monoio- 
liotyiosine  transport  by  L-phe- 
nylalanine.  Sacs  of  rat  intestine  _L 
were  incubated  in  radioactive  ^ 
i.-monoiodotyrosine  with  or 
wititout  i.-pbenylalanine.  Data 
is  given  by  tiie  graphical  meth¬ 
od  of  Lineweaver  and  Burke. 
(Nathans  et  al.:  Biochim.  et 
l)iophys.  acta,  41,  1960.) 


transport  rate  was  obtained  (K,,,  of  enzyme  kinetics).  A  remarkably  good 
correlation  e.xists  between  the  apparent  affinity  of  amino  acids  for  the 
transport  system  as  estimated  by  Finch  and  Hirtl  and  their  effectiveness 
as  inhibitors  of  transport  (Table  22).  It  is  inferred  from  studies  of  this 
type  that  all  of  the  neutral  amino  acids  share  a  common  step  in  their 
transjmrt,  probably  the  membrane  carrier. 


Table  22. 

Co.Mi-F.Tiuo.N  Between  .A.mino  .Acids  for  Active  Tr.vnsport 

K,* 

INHIBTIION  OF  TK.ANSPORT  OF 

INHIBI  rOR 

OF  INHIBITOR 

I.-.MONOIODOTVROSINEt 

I.-HISUDINEt 

(1x10-7  M.) 

(1x10-2  M.) 

(xlO-2  M.) 

(xlO-3  M.) 

PER  CENT 

PER  CENT 

Glycine 

i.-.\lanine 
i.-\'aline 
i.-Isoleucine 
r- .Methionine 

1 -Leucine 

27 

5 

2.1 

1.2 

0.9 

0.7 

0 

50 

89 

97 

100 

97 

22 

34 

62 

70 

86 

91 

Kj  is  analogous  to  the  of  enzvme 

et  biophys.  acta,  -/?:278,  1960. 

kinetics.  Data  from  Finch 

and  Hircl:  Biochim. 

t  From  N'aihans.  1  apley,  and  Ro.s.s:  Biochim.  c*t  biophys.  acla,  1960 

rom  gar,  rfiid,  and  Sidhu;  Biochim.  et  hiophvs.  acta,  22:21,  1956 


Effect  of  Metabolic  Inhibitors 


Amino  acid  al.sor|Hion  in  adnil  i.uesline  rc-(|niies  aeioldc 
involvmg  0X]da(ivc  |)ho5|)liorylaiion,  as  diniiro|)lienol,i- 5» 


pathways 
t  yanide,- 
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aiul  anaerobic  coiulitioiis--  inliiliit  tiansj^oit.  Winter''^  lias  sliown  that 
lluoroacetate  inhibits  glycine  absoijjtion  in  rats  at  concentrations 
vvhidi  ilo  not  allect  glucose  absor|)tion.  Low  tenijieratnre  reduces  the 
ratio  ol  i.-  to  n-ainino  acids  absorbed  by  loops  ol  gut  in  vivo.^"^ 

Specificity  of  the  Transport  System 

Optical  Specificity  :  One  of  the  striking  features  of  the  amino  acid 
trans|>ort  system  in  the  mammalian  small  intestine  is  its  preference  for 
the  L-stereo-isomer.  In  the  early  studies  of  Wiseman  both  isomers  were 
present  together  and  inhibition  of  n-amino  acid  transjYort  by  the  jnesence 
of  the  L-isomer  could  not  be  ruled  out.  Since  that  time  the  two  isomers 
of  amino  acids  have  been  tested  se})arately  in  a  number  of  cases  (  Lable 
2‘^).  In  five  out  of  the  six  amino  acids  tested  no  transjiort  against  a 


Table  23. 

.XenvK 

TrANSI’ORI  Ol-  D-  AM)  1.-.\MIN0 

.Acids 

AMINO  Ac:in 

CONC. 

(inM.) 

nCANSfORT 

MFTHOD  „MOl.l  s^TOOmc.  ussi'i  /iir. 

I-ISOMIR  1) 

ISONII  R 

Histidine* 

20 

Tissue  accumulation 

+ 

0 

PhenvTalaninet 

15 

T  issue  accumulation 

+ 

0 

tviosinet 

3 

Sac 

4.9 

0 

.\ianinet 

5 

Sac 

4.6 

0 

ITyptophant 

5 

Sac 

1.8 

0 

Methioninet 

5 

Sac 

4.7 

1.9 

*  Agar,  Hird,  and  Sidhn:  Riochim.  et  hiophys.  acta,  /-/rSO,  lOaT. 
t  Agar,  Hird.  and  Sitlhu:  Riochim.  ct  biophys.  acta,  22:21,  19.56. 
t  I.in,  Hagihira,  and  Wilson:  Am.  j.  Physiol.,  in  press. 


concentration  gradient  of  the  D-enantiomorph  could  be  detected,  n-meth- 
ionine,  however,  was  shown  to  be  transported  by  Jervis  and  .Smyth, 
indicating  that  the  stereospecificity  is  not  absolute.  I  he  available  data 
suggests  that  absorjition  of  n-amino  acids  involves  the  same  carrier 
system  as  the  i.-enantiomorphs,  although  the  latter  possess  a  much  greater 
affinity  for  the  system.  1  his  is  supported  by  the  lart  that  i.-amino  acids 
powerfullv  inhibit  the  penetration  of  the  n-isomers'^’ and  at  high 
(oncentrations  some  n-amino  acids  inhibit  the  transport  ol  certain  i.-aminoi 
acids.^o.s^^^-ss 

,\s  the  transport  system  for  neutral  amino  acids  can  distinguish  be¬ 
tween  the  two  ojHical  isomers,  at  least  three  groups  on  the  asymmetric 
a-carbon  of  the  amino  acid  must  interac  t  with  the  carrier. 

Carboxyl  (.roup:  When  the  charge  on  the  carboxyl  grouj)  wasi 
removed  by  the  formation  of  an  ester  (e.g.,  methyl  ester  of  i -histidine). , 
its  capacity  to  be  transiiorted  was  lost.^"’  Likewise,  the  reduction  of  the! 
carboxvl  group  to  an  alcohol,  as  in  i -histidinol,  led  to  an  inac  tive  com¬ 
pound.  The  importance  of  the  carboxyl  gioup  was  Inrther  supiiorteci  by 
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tlic  ol)scr\ation  that  i.-tyrosiiic,  but  not  its  decarlx^xylated  piaxluct,  L-ty- 
lamine,  inhibited  amino  acid  transjKirt.^'*  In  addition,  the  substitution 
ol  a  suHonic  acid  grouj)  for  tlie  carboxyl  group  reduced  its  affinity  for 
the  carrier.53 

«-.\min()  (.Rol  l’:  The  remoxal  ol  the  charge  on  tlie  amino  grouj) 
of  i.-liistidine  by  acetylation  jnoduced  a  comj>ound  not  actively  trans¬ 
ported  by  hamster  intestine^'*  I'lns  agreed  with  the  observation^-'*  that 
the  acetyl  derivati\es  of  glycine,  \aline,  and  methionine  did  nc^t  jjossess 
any  affinity  for  the  transjiort  system.  The  replacement  of  the  amino  group 
with  a  hydroxyl  group  restdied  in  an  inactive  conijxnmd.  d  hus,  L-alaninc 
was  actively  transportecF**  while  ui.-lactatc  was  not.'^®  The  observation 
that  /^-alanine  was  neither  transportecH'*  nor  an  inhibitor'*-*  of  transjxirt 
lends  lurther  support  to  the  hyjjothesis  that  the  amincj  grcjujj  jiarticijiates 
in  interaction  with  the  carrier  in  a  stereospecific  manner.  The  N-methyl 
deri\ati\es  ol  glycine  (sarcosine,  n,  N-dimethylglycine,  and  betaine)  do  not 
inhibit  transport  of  glycine  (T  able  24).  A  number  of  amino  acid  deriva¬ 
tives  which  lack  the  amino  grouj)  (urocanic  acid,  jxhydroxyphenylpyru- 
vate,  and  j^henyljiyruvate)  were  also  tested  and  all  found  to  be  in¬ 
active.**^ 


Table  24.  Effects  of  .\mino  .Voids  on-  Glycine  Transport 


INHIBITOR 

30m. M. 


PER  CENT  INHIBITION  OF 
GLYCINE  TRANSPORT 


L-alanine 

Sarcosine 

N- 1  liineth  ylglycine 
Betaine 


79 

II 

<10 

<10 


...  * accmnnlation  of  C.H  glycine  was  estimated  in  the  presence  and  absence  of 

inhibitor  ammo  acids.  Initial  concentration  of  glycine  in  the  medinin  was  3  inM.  .\n 
inhibition  of  less  than  10  per  cent  was  not  considered  significant. 


finther  e\idence  imjilicating  the  amino  grouj)  is  the  retjuirement  for 
|>yi  I.lcixal  phospliaie  or  its  derivatives,  .\niniais  maile  pvritloxinc  (leBeiem 
liy  ileoxypyridoxiiie,’»-'2  penieillan.ine,' •"»  or  ISrdelu  ieiit  dict’^."''' 
■showed  tieferlive  intestinal  .•il.,s..rpl ion  of  amino  acids.  KtRitre  57  shows 
an  experiment  by  jacohs  ami  Hilhnarv’tt  in  which  deoxypyridoxine  treat- 
nieiit  redneed  the  capacity  of  rat  intestine  to  absorb  t.-methionine.  Akedo, 
Siigawa.  loshtktiwa.  and  .Sitdat  |)crfottnc<l  the  foilowitij.  elegatit  experi- 
titettt.  t.-llistitlitie  absorptiott  was  ttieasttred  in  vivo  iii  pyridoxine-tleft- 
ctettt  tats,  .\lter  a  2n.,nitntte  .otttrol  period  viiatititt  li,'  was  iniecte.l 
ttttravettottsly  attd  withiti  HI  titittittes  the  rate  of  t.-hisliditic  abs..rption 
i.td  ttitreasetl  to  the  ttotttial  absorption  rate  (Kigitre  .5K).  I  hese  experi 
t.tents  strottgly  stt.ggest  that  pyridoxal  phosphate  is  involve, I  it,  the  itttesti- 
nal  absot,,tt,nt  of  netttral  antino  acids.  This  lad.  together  with  tite 
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L- Methionine  Absorption 
7o  Absorbed  (lOcm.  segment) 


Figure  57.  The  effect  of  deoxypyridoxine  on  i,-inethionine  absorption.  Dcoxypyri 
doxine  HCl  (0.2  rng.)  wa.s  given  daily  for  4  to  10  days  (closed  circles)  or  as  indicated. 
(Jacobs  and  Hillman:  J.  Biol.  Chein.,  212,  1958.) 


observation  tliat  di-  and  tri-snbsituations  on  the  rt-nitro)»cn  jjosse.ss  no 
affinity,  suggest  that  a  Schifi  base  may  be  involved  in  transport  of  neutral 
amino  acids. 

a-H m)R()(;k.n:  The  a-hydrogen  cannot  lie  rejilaced  liy  a  methyl  group 

without  a  reduction  in  the  rate  of  transport."'*’ Two  ol  these  com- 
jDonnds,  rt-aminoisobntyric  acitl  and  rt-methylmethionine.  are  slowly  trans- 


T  I  W  E  (  minutes  ) 

Figure  5S.  Effect  of  intravenous  pvridoxine  on  i.-histidinc  al)sorption  in  vitamin 
B  -deficient  rats.  .Animal  .\  was  made  Bp-deficient  bv  administration  of  L-penicillamine 
wfiile  control  animal  B  was  given  vitamin  B„.  .Absorption  of  i.-histidine  was  earned  out 
in  VIVO  for  20  minutes  ainl  then  .500  of  B„  was  injc^cted  into  the  caudal  vein  at  the 
point  indicated  bv  the  arrow.  I  he  ordinate  is  the  (oncentration  of  ammo  acid  in  the 
intestinal  loop  (fall  in  concentration  indicates  alisorption).  (.\kcdo  ct  al..  J.  Biocliem.. 

47,  I960.) 
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ported  and  have  a  weak  iiihil)itory  effect  on  the  transport  of  otlier  amino 
acitls.'’'^  (diristensen*’  has  studied  cycloleucine  (l-amino,  1-carboxyl- 
cyclopentane),  which  is  irans|K)rted  but  has  less  afhnity  lor  the  transport 
system  than  i.-leucine. 

SiDK  ChiAiN:  A  wide  \ariety  ol  natural  and  unnatural  L-amino 
acids  with  neutral  side  chains  are  transjjorted  by  the  small  intestine. 

29. 65, 44. 4;t  pigui  es  59  aiicl  hO  show  the  structures  of  the  side  chains  of 
amino  acids  transpoited  by, the  intestine  (4f  the  golden  hamster.  It  is 
clear  that  the  tarrier  system  is  exceedingly  nonselective  in  side  chains. 

In  (ontiast  to  the  latitude  jK-rmitted  by  the  carrier  system  in  stiiu- 
tural  \ariations  ol  the  side  chain,  the  introduction  of  a  charge  into  the 
side  (hain  abolishes  the  afhnity  of  the  comj>ound  for  the  transjjort  sys¬ 
tem,  whether  the  charge  be  positive  or  negative.  Wiseman  showetl*^^^  that 
i.-lysine  and  i.-ornithine  did  not  inhibit  the  transport  of  a  number  of 
neutral  amino  acids.  L-Catrulline,  which  is  closely  related  to  ornithine  but 
without  a  charged  side  chain,  is  actively  transported  by  the  intestine  anti 
inhibits  the  carrier  lor  neutral  amino  acids.  L-Glutamic  and  L-as]4artic 
acids  do  not  inhibit,  while  L-glutamine  and  L-asparagine  arc  good  in- 
hibitois.  I  he  last  two  amides  might  be  expectetl  to  be  transportetl  but 
thev  ate  deaniinatetl  by  the  intestine  and  are  therefore  difhculi  to  test 
lor  transport.  I  he  y-methyl  ester  of  l-  glutamic  acid  (a  neutral  derivative 
of  glutamic  acid)  was  well  transported  by  hamster  intestine  and  a  good 
inhibitor  of  glycine  transport.^  r-Tyrosine  could  be  converted  into  a 


H- 


7.  CHj-S-CHj-CHg- 


2.  CHs 


8.  CHj-CHj-S-CHj-CH,- 


9.  HO-CHj- 


4. 


10.  ho-ch- 


CH, 


5.  CHs-CH-CHj- 


0 


II 


II.  CHj-O-C-CHg-CH,- 


6.  CHj-CHj-CHj-CHj- 


0 


II 


12. 


NHj-C-NH-CHg-CHj-CH.- 


/■igure  59.  Amino  acids  a< 
I.  glycine;  2,  alanine;  3,  valine 
etliioniiie;  9,  serine;  10.  ilii 
the  coinponiuls  first  tested  hy 
hy  Lin  et  alAS 
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Figure  60.  Amino  acids  actively  transpoiTed  by  the  intestine  (aromatic  and 
heterocyclic  side  chains).  1,  phenylalanine:  2,  p-lhiorophenylalanine;  3,  tyrosine;  d, 
O  inethyltyrosine;  5,  m-tyrosine;  h,  3-iodotyrosine;  7,  3-aminotyrosine:  8,  pyridylalanine; 
9,  histidine;  10,  1  methvlhistidine;  11,  3-methylhistidine;  12,  3-i)yra/,olealanine:  13, 
thionylalanine;  11,  tryptophan,  (lompounds  1  and  9  tested  l)y  \Vi.seman,“S'>  d  1)\ 
Huang,^»  6  by  Nathans,  l  apley,  and  Ro.ss.S-'l  3  and  5  by  Lin  and  \\  ilson,-*-*  11  bv 
Spencer  and  Samiv,65  (he  remaining  compounds  by  Lin  et  al.^->^3 


iioiuranspoi ted  coinjioimd  by  induting  ioiii/aticjii  of  the  phenolic  grouj) 
through  tlie  introduction  of  two  bromine  atoms  into  tlie  ring  (i.-.S, 
.f)-dibromotyrosine).  Tlie  observation  that  L-djenkolic  acid,  wliicii  has 
both  a  positive  and  a  negative  charge  in  its  side  chain,  v;as  also  not 
transportetH^  further  indicates  that  the  important  condition  for  trans¬ 
port  of  an  amino  acid  by  this  carrier  is  that  it  must  be  charge-free. 

Huang  has  studied  an  interesting  .series  of  tyrosine  derivatives  in 
both  the  kidney  and  the  gnt.^s-^s  n^.  lound  that  those  with  neutral  side 
chains  were  actively  absorbed  by  the  gut  and  resorbed  by  the  renal  tu¬ 
bule;  those  with  ioni/ed  phenolic  groups  were  not  transported  by  the 
gut  and  were  secreted  by  the  renal  tidnde  (presumably  by  the  weak-acid 
secretory  system). 

I, in.  Hagihira,  and  Wilsoid^  have  emphasi/ed  the  relationshij)  be¬ 
tween  the  affinity  of  the  carrier  system  for  an  i -amino  acid  and  the  non¬ 
polar  character  of  the  side  chain,  fable  2')  shows  that  increasing  the 
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Table  25.  Cokrki.aiion  Bktwkkn  “K^”  and  Poi  akha  of  ime  Side  C.iiain 


AMINO  ACID 

SOICBII.ITV 

ETHANOL  TO  WATErI 

(xlO-3.\I.) 

(X10-4M.) 

C.lyciiic 

27 

1.3 

i.-.\laniiic 

5 

4.5 

i.-\’aliiic 

2.1 

23 

1 -Lciiciiic 

0.65 

75 

*  Finch  and  Hird,  lliodiiin.  ct  biopliys.  acta,  7>:27H,  1960. 
t  Colin,  McMcckin,  Kdsall,  and  \\  eaic,  J.  .\in.  Clicin.  ,Soc.,  56:2270,  1931. 
is  analogous  to  the  of  cn/yinc  kinetics. 


()1  the  alkyl  side  chain  lot'  a  series  ol  aiiiincj  acids  iiicrea.ses  the 
ethanol-water  sohihility  ratio  and  increases  the  afhnity  (ineasnred  by  Kt). 
In  this  connection  it  is  j^ertinent  to  jioint  out  that  a  charge  in  the  side 
chain  not  only  jnexents  actice  transport  ol  most  ot  the  amino  acids  but 
also  abolishes  their  affinity  lor  the  carrier.  1  hese  obsercations  suggest 
that  solubility  ol  the  side  chain  in  the  lijjid-rich  membrane  is  a  decisix’e 
lactor  in  j^ermitting  the  carboxyl  group,  amino  grouj).  and  a-hydrogen 
to  gain  access  to  the  active  site  of  the  carrier.  A  pictorial  representation 
ol  this  \ few  is  gi\en  in  Figure  (il. 


Mechanism  of  .\mino  .4cicl  Transport 

1  he  inxohement  of  jjyridoxal  j)hosj)hate  is  strongly  suggested  by 
the  data  given  prexiously.  I  he  jiossibility  of  decarboxylation  and  recarbox- 
ylation  as  a  mechanism  xvas  eliminated  by  Lin  et  al..«  who  showed 
that  glycine- l-(d^  does  not  lose  its  carboxyl  carbon  during  transjiort. 
I  ajdey  et  al.'’^— «  have  suggested  that  glucuronide  formation  may  be 

involved  m  active  transjiort.  Further  evidence  is  needed  to  suiiport  this 
suggestion. 
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“BASIC”  AMINO  ACID  TRANSPORT  SYSTEM 


Active  transport  of  basic  amino  acids  by  the  small  intestine  was  not 
seriously  considered  until  very  recently.  It  has  been  previously  shown 
that  L-lysine  was  absorbed  faster  than  the  n-isomer  in  vivo^  and  that 
pyridoxine  stimulated  L-lysine  absorption  in  He-deficient  rats."*  Fur¬ 
thermore,  absorption  in  xntro  seemed  to  be  more  rapid  than  would  be 
anticipated  by  diffusion. I'he  inference  from  these  experiments,  how¬ 
ever,  was  not  clear  because  the  workers  were  unable  to  demonstrate  active 
transport  of  L-lysine  and  L-ornithine  when  tested  under  the  same  condi¬ 
tions  that  clearly  indicated  transport  of  neutral  amino  acids.*^” 

.An  important  piece  of  information  was  provided  by  .Milne,  .Asatoor, 
and  l.oughridt>e^^  who  showed  that  in  patients  with  cystinuria  the 
intestinal  absorption  of  lysine  and  ornithine  was  defective.  They  reported 
that  when  these  two  basic  amino  acids  were  fed  to  cystinurics  considerable 
amounts  could  be  recovered  in  the  feces,  while  similar  amounts  were 
completely  absorbed  by  normal  individuals.  It  was  interred  that  in 
cystinuria  the  genetic  defect  in  the  transport  of  cystine,  lysine,  ornithine, 
and  arginine  by  the  kidney  tubule  was  shared  by  the  small  intestine. 

These  observations  stimulated  Hagihira  et  al.-'^®  to  reinvestigate 
the  cjuestion  of  transport  of  these  four  amino  acids  with  in  xntro  methods. 
When  everted  sacs  of  hamster  intestine  were  incubated  with  low  concen¬ 
trations  (1  mM.)  of  amino  acid  both  inside  and  outside,  net  transjjort 
against  a  concentration  gradient  was  observed  for  all  three  basic  amino 
acids  (Table  26).  It  was  already  known  from  the  work  of  XeiP**  that 
L-cystine  was  actively  transported.  It  might  be  noted  that  the  transport 
of  basic  amino  acids  is  against  an  electrical  as  well  as  a  chemical  gradient, 
as  the  serosal  side  of  the  gut  is  positive  with  respect  to  the  mucosal  side.'^^ 
The  maximal  rates  of  transport  of  these  amino  acids  was  1/10  to  1/20 
the  transport  rate  for  some  of  the  neutral  amino  acids,  e.g.,  glycine  and 
i.-alanine.”'  The  very  low  capacity  of  these  basic  amino  acids  for 
transport  explains  the  difhculty  in  demonstrating  net  tianspciit  with 
high  initial  concentrations.^^ 

It  was  then  shown  that  cystine  and  the  three  basic  amino  acids 
share  the  same  transport  system.  Ornithine,  arginine,  and  cystine  inhibit 


amino  acid 


Table  26.  Activf  I  ransi'ort  of  "Bxsic"  Amino  .Veins 

FIN  AI.  CONC.  ratio  NFT  TRANSPORT 

SFROSAI.:  MI'COSAI  ^MOI.F.s/l  00  MG.  TISSI'F/IIR. 


I.- Lysine  (ImM.) 
i.-.Arpinine  (1  inM.) 
ni. -Ornithine  (2  inNt.) 
i.-Cystine  (0.2  mM.) 


0.77 

0.21 

0..')1 

0.2.T 


F.verted  sacs  of  hamster  intestine  incniiated  one  hour  at  37*0.  I'aken  from  Mapihira. 

I.in,  Samiy,  and  Wilson:  Uioihem.  Biophvs.  Res.  Comm..  C  178.  1061. 
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i.-lysine  transjKDt  aiul  oniiiliine,  arj'iiiiiie,  and  lysine  inhibit  cystine 
n a nsj)oit. Ihexions  studies  had  sliovvn  that  llie  three  basic  ainiiKj 
acitls  ha\e  lu;  inliibitnry  ellect  on  ilie  transj^oi  l  ol  i.-liistidine'^*  or 
iodotyrosine.^'^  Jn  addition,  i.-lysine  did  not  inhibit  tlie  transj^ort  ol 
i.-isolencine-"  or  i.-inetliionine.'”  Altlioni>h  the  liasit  amino  ai  ids  d<i 
not  inhibit  the  neutral  amino  acid  transjjort  system,  some  neutral  amino 
acids  can  inhibit  the  “basic”  transport  system.  I  luis,  i,-methionine  has 
some  inhibitory  ellect  on  i.-lysine  transport,  although  less  than  its  ellect 
on  glycine  transj-xiit. 


/■t^ure  62.  Siniclures  of  arginine,  orniiliine,  lysine,  evstinc  and  tlie  (lisnlfide  of 
tysieine  and  lioinocysteine.  .Ml  of  ilicse  compounds  appear  in  die  mine  of  patients 
with  evstinuria. 


1  he  combination  ol  the  data  on  jxitients  with  cystinuria  and  that 
obtained  with  the  isolated  intestine  convincingly  suggests  that  there  is 
a  separate  transjxirt  system  in  the  intestine,  similar  to'diat  in  the  kidney, 
lor  t.-lysine,  i.-ornithine,  i.-arginine,  and  i.-cystine. 

It  seems  lather  surprising  that  a  neutral  amino  acid  (cvstine)  should 
share  a  transport  system  with  three  basic  amino  acids.  In  an  attempt  to 
discover  some  structural  similarity  between  these  lour  compounds  mole¬ 
cular  models  were  construc  ted.  Ol  the  many  possible  conligurations  one 
arrangement  showed  certain  leatures  common  to  all  the  compounds 
(kigure  (,2).  Clcxse  apposition  ol  the  .second  amino  group  with  the  car¬ 
boxyl  group  was  possible  in  all  cases.  Perhaps  this  conliguration  is 
teciu.red  lor  interaction  with  the  carrier.  I  he  ligure  includes  a  new 

compound  (a  disullide  ol  cysteine  and  homoc vsteine)  recentiv  discovered 
in  the  tiritte  ol  cystinuric  individuals.-'^'* 
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TRANSPORT  SYSTEM  FOR  L-PROLINE,  H YDROXV-L-PROLINE, 
SARCOSINE,  I)IMETHYL(;L^(:INE  AM)  BETAINE 


In  the  course  oi  an  investigation  on  the  transport  ol  neutral  amino 
acids  Hagiliira  et  al.-'"^'’  lound  that  betaine  and  n,  N-dinietliylglycine  were 
actively  transported  by  sacs  ot  hamster  intestine  (see  Figure  lor  struc¬ 
tures).  These  comjjounds  competed  with  one  another  but  had  no  ellect 
on  the  transport  ol  neutral  amino  acids. 

Furthermoie,  most  neutral  amino  acids  had  relatively  little  ellect 
on  betaine  transport.  Two  striking  exceptions  were  L-j>roline  and  hy- 
clro\y-i.-j)roline,  which  were  extremely  potent  inhibitors  ol  betaine  trans¬ 
port.  Furthermore,  betaine  inhibited  i.-j)roline  transjjort.  However,  i.-pro- 
line  has  a  weak  attinity  lor  the  neutral  amino  acid  transjK)rt  system  and 
is  partially  inhibited  by  neutral  amino  acids. 

One  hyjjothesis  which  woidcl  explain  the  ancjmalous  behavior  ol 
L-proline  is  that  this  amino  acid  shares  two  dillerent  transj^ort  systems, 
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possessing  a  strong  affinity  for  the  betaine  transport  system  and  a  weak 
afhnity  for  the  neutral  transjiort  system.  It  is  lielicved  that  the  separate 
transport  system  is  normally  utilized  by  jiroline  and  hydroxyproline  as 
they  would  be  efiectively  excluded  from  the  neutral  amino  acid  transport 
system  by  the  many  neutral  amino  acids  always  jiresent  in  the  small 
intestine. 


TRANSAMINATION  DURING  ABSORPTION 

W’iseman'”  incubated  isolated  rat  intestine  in  the  presence  of  either 
glutamic  or  aspartic  acid  and  noted  (onsiderablc  loss  of  the  amino  acid 
from  I  he  medium.  He  postulated  that  these  compounds  might  be  trans- 
aminaied  in  the  ejiithelial  cells.  Matthews  and  Wiseman^*^  then  showed 
that,  associated  with  the  disappearance  of  glutamic  acid,  which  occurred 
Irom  both  the  mucosal  and  serosal  sides  of  the  intestine,  there  was  an 
ajipearance  of  alanine  on  the  serosal  side.  Incubation  of  rat  intestine 
with  asjiartic  acid  residted  in  a  similar  production  of  alanine  plus  a 
small  amount  of  glutamic  acid. 

rhese  results  were  then  confirmed  by  Neame  and  Wiseman®'*' ^5 
in  anesthetized  dogs,  cats,  and  rabbits.  They  cannulated  a  mesenteric 
vein  draining  a  loop  of  intestine  ni  xn\«>.  After  introducing  a  solution 
ol  glutamic  acid  into  the  tied  loojj  they  collected  the  venous  blood 
draining  that  looj)  and  determined  \arious  amino  acids.  Figure  6^1  shows 
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hgure  6-/.  PnKluction  of  alanine  (luring  glutamic  acid  absorption  \inino  acid 
concen  rauon  was  deternnned  in  an  artery  and  a  niesente.ic  vein  'of  an  aneMheme;! 
.l«>g.  he  broken  bne  indicates  the  difference  in  concentration  of  glutamic  ac  d  the 

dm  :'x i;:  m  ’  (,f  0  <'>c  armw  sbo';  lb: 

■nie  whuh  10  ml.  of  0.1a  per  cent  glutamic  acid  solution  was  introduced  into  the 
lumen  of  the  intestine.  (Redrawn  from  Neame  and  Wiseman:  l*h vsic^.  / "wi 
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the  results  ot  one  sucli  experiment.  During  the  (ontrol  jieriod  tlie  (on- 
centration  ol  alanine  was  about  the  same  in  the  artery  and  \ein,  while 
the  concentration  of  glutamic  acid  was  lower  in  the  \ein.  Following 
the  introduction  of  glutamic  acid  into  the  intestine  the  alanine  concen¬ 
tration  of  the  vein  rose.  These  ohsersations  were  confirmed  in  the  cat 
aiul  rabfiit. 

1  hese  results  explain  the  jiresions  observation  of  Dent  and  Schill¬ 
ing*®  that  following  casein  feeding  the  concentration  of  glutamate  in 
the  portal  blood  was  nuuh  lower  than  exjjected  in  view  of  the  very  high 
glutamate  content  of  the  fed  protein.  Neame  and  Wiseman  point  onD® 
that  on  insjiection  of  the  chromatograms  ol  Dent  and  Schilling*®  there 
is  an  unexjjected  increase  in  blood  alanine. 

The  source  of  the  keto  acid  recpiired  for  the  transamination  reaction 
was  investigated.  Fhere  was  no  consistent  cfiange  in  the  jnruvic  acid 
or  a-ketoglutarate  coiuentration  of  the  blood  jjassing  through  the  intes¬ 
tine  dtiring  glutamate  absorj)tion.  It  was  therelore  presumed  that  glutamic 
acid  transferred  its  amino  grouji  to  pyruvate  produced  by  the  epithelial 
cells  and  that  the  resulting  a-ketoglutarate  is  metaboli/ed  by  the  intestine. 
Ill  x'itro,  however,  some  ol  the  a-kctoglutarate  spills  out  ol  the  cells  and 
can  be  recovered  in  the  meditim.^- 

Fhere  is  an  interesting  as|)ect  of  dicarboxylic  acid  absorjition  which 
is,  as  yet,  unexplored.  Other  dicarboxylic  acids  such  as  lumarate  are  very 
poorly  absorbcxl  by  the  intestine  (see  ChajMer  12),  presumably  because 
they  are  too  large  to  jxiss  through  water-filled  channels  of  the  membrane 
and  they  are  insoluble  in  lipid  because  of  their  charge.  It  is  to  be  ex- 
jiceted,  therefore,  that  glutamic  and  aspai  tic  acids  would  diffuse  across 
the  ej)ithelial  cells  only  very  slowly.  .Since  the  i.-dicarboxylic  amino  acids 
are  well  absorbed  it  w()nld  seem  reasonable  to  jiostidate  some  tyjie  of 
carrier-mediated  transjjort  mechanism  for  intestinal  absorption  of  the.se 
acidic  amino  acids.  Wiseman'**  showed  that  glutamic  and  aspartic  acids 
were  not  actively  transjiorted  by  iti  x'ltvo  prejiai  at  ions  of  snull  intestine 
but  it  is  possible  that  the  extensive  transamination  might  have  obscured 
the  jirocess.  Or.  there  mav  be  .some  tyjie  of  carrier-mediated  transport 
independent  of  cell  energy  which  “facilitates”  the  entrance  of  the  sid> 
stance  into  the  cell.  'These  possibilities  shonld  be  investigated. 


C:OMP.\RISON  OF  AMINO  ACID  TRANSPORT  IN  KIDNEY 

AND  INTESTINE 


There  is  now  good  evideme  that  the  amino  ac  id  trans|)on  systems  in 
the  kidney  and  intestine  are  similar  (  Table  27).  'I  he  evidence  lor  the 
existence  ol  separate  neutral  and  “liasic”  amino  acid  “pum|)s”  in  the  two 
organs  is  excellent.  Not  oidy  is  there  evidence  from  studies  ol  experi- 
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l  ahU’  27.  CoMi'AKisoN  of  Amino  A(.iu  J  ransi'okt  kv  Kidnkv  and  Imfstinf. 


AMINO  ACID 

F\  IDI  NCF.  FOR  I  XISTFNCF 

OF  1RANSPORT  SYSTEM  IN: 

TRANSPORT  - 

SVSTEM 

KIDNEV 

INTESTINE 

Cystine 

Arginine 

Ornithine 

Cystiiuiric  defective  in  tubu¬ 
lar  re.scFipliou  of  these  four 
amino  acids. 15,67 

Cystinuric  defective  in  ab¬ 
sorption  of  Ivsine  and  orni- 

thine.49 

Lysine 

(’cjinpetil ion  with  eadi  other 
but  little  cross  reaction  will) 

('.ompelition  with  each  othei 
but  iiltle  cross  reaction  with 

neutral  amino  acids.8,  7i,  6i 

neutral  amino  acids.23a 

Neutral 

In  Hartnup’s  disease  defect 

In  Hartnup’s  disease  defect 

Amino  Acids 

in  re.soiplion  of  neutial  ami 

in  alisorption  of  Irvptophan. 

no  acids  (exce])t  jiroliue  and 

50,  64 

hydroxyproline).^,  6:i 

Compelition  with  each  other. 

6,  37,  71 

Com|}etition  with  each  other. 
60,  3,  58,  .34,  24,  53,  20,  66.  43,  44 

I’roline 

Iholine  resorption  normal  in 

All  compete  with  each  other. 

Hydroxyproline 

Harinup’s  disease.5 

Little  cross  reaction  with 

(.Sarcosine) 

(Dimetliylglvcine) 

(Betaine) 

I’roliue  competes  with  hy- 
droxyprolinc  (and  glycine) 
but  not  with  others.63,  63a 

neutral  group  (except  pro¬ 
line  which  mav  share  both 

trairsport  systems).23a,  23b 

mental  animals  but  in  each  of  these  two  cases  there  is  a  genetic  delect 
in  human  subjects  in  which  a  single  transport  system  appears  to  be  ab¬ 
sent  fiom  both  kidney  and  small  intestine.  F^atients  with  Hartnup’s 
disease  lack  the  neutral  amino  acid  jjuinj>  while  cystinurics  lack  the 


pumj>  lor  (ystine,  lysine,  arginine,  and  ornithine. 

I  he  e\  idence  lor  the  jjresence  ol  a  jiroline-hydroxyproline  transport 
system  in  the  two  organs  is  good  but  still  inconijilete.  Scrixer,  Schafer, 
aiul  I'di on®-^’ ha\e  jiresented  ev  idence  lor  a  sej)a)  ate  transjiort  svstem  lor 
pioline,  hydi oxyj>roline  and,  jierhajis,  glycine.  They  jioint  out  that 
patients  with  Hartnu]/s  disease  lail  to  resorb  all  neutral  amino  acids 
with  the  striking  exception  of  proline  and  hydroxyproline,  whose  trans¬ 
port  is  entirely  unaflected  in  this  condition.  I'hey  have  lonnd  that  in- 
lusion  ol  proline,  hydroxyproline,  or  glycine  into  normal  human  subjects 
results  in  the  ajipearance  ol  the  other  two  in  the  urine  (with  the  exceji- 
tion  ol  glycine,  who  inlusion  caused  jirolinuria  in  only  one  out  ol  three 
cases).  I'hese  amino  acids  apparently  did  not  aflect  the  neutral  amino 
acid  transport  system  as  none  ol  the  other  amino  acids  aiipeared  in  the 
urine  in  abnormal  amounts.  Kurther  evidence  lor  their  hypothesis  is 
provided  by  a  lew  interesting  human  subjects  who  excrete  large  amounts 
ol  jji Celine,  hydroxyproline.  and  glycine  in  their  urine. 

Data  on  intestinal  absor|)iion  suggest  that  a  separate  transjiort  svs¬ 
tem  IS  present  lor  proline,  hydroxyproline,  sarcosine,  n.  N-dimethylglvc  inc. 
and  betaine.  I  he  available  data  suggest  that  the  last  three  compounds 
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have  a  high  alhnity  lor  tlieir  own  transport  system  and  little  or  no 
alhnity  lor  the  neutral  amino  acid  transport  system.  Iholine  and  hydroxy- 
proline,  on  the  other  hand,  appear  to  have  allmity  lor  both  systems. 
In  the  intestine  all  ol  the  evidence,  at  jjresent,  suggests  that  glycine  is 
transported  exclusively  by  the  neutral  punijx  There  is  no  direct  evidence 
that  the  renal  ]jump  lor  jjroline  is  the  same  as  that  in  the  intestine  as  no 
genetic  delect  has  been  studied  in  which  the  two  organs  have  been  com¬ 
pared.  It  would  appear  feasible  to  strengthen  the  hyj^othesis  by  a  study 
of  just  such  a  genetic  defect  in  man  or  animals. 

As  mentioned  in  the  ]jrevious  section,  active  transpoit  of  ditarb- 
oxylic  acids  by  the  intestine  has  not  been  demonsti ated.  This  fatt  does 
not,  howevei',  exclude  the  jjossibility  of  a  special  transport  system  as 
extensive  metabolism  of  these  acitls  occurs  within  the  epithelial  cell  and 
rentiers  this  investigation  dilficult.  Lotspeich^®  has  jjointed  out  that  data 
on  renal  transport  of  these  ct)m|K>unds  strongly  suggest  that  extensive 
transamination  occurs  tluring  resorption.  The  j^ossibility  that  similar 
absorpti\e  mechanisms  for  dicarboxylic  amino  acids  are  present  in  both 
organs  shoidd  be  consideretl. 
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CHAPTER 


Fluid  and  Electrolytes 


INGESTED  AND  SECRETED  FLUID  AND  ELECTROLYTES 

Fluid  and  electrolyte  absorption  is  one  ol  the  major  |)hysioloj;icaI 
functions  of  the  intestine.  Inijjainnent  of  this  function  e\en  for  a  short i 
time  leads  to  a  serious  or  even  fatal  loss  of  fluid  and  salt,  d'his  is  in  part 
a  result  of  the  very  large  amount  of  gastrointestinal  secretions  which  must 
he  constantly  rcsorhed  even  in  the  absence  of  fluid  intake.  Considera¬ 
tion  of  the  dietary  intake  alone  gives  an  erroneous  impression  of  the 
total  load  imposed  on  the  intestinal  tract.  In  man  7  c)r  more  liters  of 
fluid  are  secreted  into  the  gastrointestinal  tract  |)er  day  while  only  1..Y 
liters  are  ingested.''^  -As  only  about  1.50  nd.  are  lost  in  the  feces,  more 
than  8  liters  of  fluid  are  absorbed  daily  (Figure  (>5).  .Moderately  large 
alterations  in  the  intake,  therefore,  result  in  relatively  small  changes  in 
total  load.  It  has  been  calculated*'*  that  about  80  |K“r  cent  of  the  Xa(d 
load  is  provided  by  secretions  and  50  j)er  cent  ol  K’  and  Ca from 
the  same  source.  Fhis  means  that  each  day  a  volume  ecpial  to  twice  the: 
plasma  volume,  including  many  of  its  electrolytes,  is  secreted  into  the  gu« 
and  resorbecl. 

.\  word  should  be  said  about  the  terms  “secretion”  and  “absorption.’ 

Fhe  term  “secretion”  will  be  reserved  for  net  movement  of  a  substance 
from  blocKl  to  lumen  and  “absorption”  for  the  re\erse  movement.  Hrun 
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ner’s  glands  oi  tlie  duodenum,  the  only  true  glands  in  the  small  intestine, 
secrete  an  alkaline  solution  containing  a  high  concentration  of  muco- 
polysaccharide.'^-’  I'he  remaining  portion  of  the  small  intestine  produces 
a  fluid,  succiis  (’u t&) iciis,  which  is  not  a  secretion  in  the  same  sense  as 
salixaiy,  g.istiic,  cjr  jiancreatic  secretion.  I  his  material  jiroduced  by  the 
small  intestine  contains  mucus,  descpiamated  ejiithclial  cells,  ions,  and 
I  a  small  but  variable  amount  of  fluid.  It  can  be  obtained  from  a  I  hiry- 
j  Vella  loop,  but  only  with  mechanical  stimulation  is  an  ajjpreciable 
[  volume  in-oduced.  I  hree  types  of  cells  with  histologically  recognizable 
j  secretory  products  have  been  identified:  the  gobfet  cefi  producing  mucus, 
the  argentaffme  cell  jm)ducing  .serotonin  and  possibly  other  substances, 

I  and  l*aneth  cells  whose  secretory  product  is  not  known.  I  he  columnar 
[epithelial  cells  are  resj^onsible  lor  secretion  of  certain  ions.  Kicarbonate, 

I  iodide,  and  potassium  ions  are  .secreted  into  the  lumen  of  the  ileum  ami 
colon.  When  a  variety  of  ionic  changes  occur  simultaneouslv,  the  distinc¬ 
tion  between  secretion  and  absorption  may  be  confused.  In  an  attempt 

to  overcome  this  confusion  other  nomenclaiui e  has  been  sutiuested  bv 
(-ode.*® 


location 


I  l.c  ,s  n„(  an  i.npnnam  siie  nl  al.sorptinn  „l  llui.l  o,  elenro- 

>  -s.  Ahluu.sl.  a  Ilux  „(  ivaicl  ,.<(  ,,,5  amiss  (he  sasli  ic  „„uosa  in  I, oil, 
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directions^-  there  is  little  net  absorption,  (lode  and  his  (ollaborators*^- 
have  found  that  little  net  lliiid  absorj)tion  (Kdirs  in  the  diuKleniini  al¬ 
though  the  flux  rates  for  water  and  Xa+  are  extremely  rapid.  I  hey  con¬ 
clude  that  the  duodenum  fulfils  the  function  of  etjuilibrating  the  contents i 
of  the  lumen  with  blood  especially  with  regard  to  tonicity.  Borgstrdm  et| 
al.®  have  shown  that  in  man  the  u])per  half  of  the  small  intestine  is  the' 
major  site  of  fluid  absorption.  They  fed  a  solution  of  a  nonabsorbable' 
“marker”  substance  (polyethyleneglycol)  which  was  tliluted  in  the  stom- 
ach  and  duotlenum  by  secretions  but  returned  to  its  original  concentra¬ 
tions  in  the  latter  portion  of  the  jejunum  due  to  resorjjtion  ol  this  fluid. 
In  the  anestlietized  rat  the  jejunum  absorbed  almost  twice  as  much  Na  + 
and  water  as  the  ileum.'®  Similar  differences  were  found  in  the  hamster 
intestine  in  lierger  et  al.®  found  the  colon  consideral)ly  less  active' 

in  XaCd  absorjJtion  than  the  small  intestine. 


MECHAMSiVr  OF  .\li.SORI»TION  OF  SODIUM  CHLORIDE 

AM)  WATER 


(Act we  Transport  vs.  Passive  Diffusion) 

riie  study  of  fluid  and  electrolyte  absorjMion  has  consumed  the' 
energies  of  many  famous  physiologists  for  over  a  hundred  years  and  has' 
been  the  source  of  numerous  controversies,  some  of  which  are  still  unre¬ 
solved.  The  experimental  and  theoretical  problems  are  immense  and! 
recognition  i^f  some  of  the  comj)lexities  has  come  only  in  the  past  lew 
years.  A  few  of  these  theoretical  and  j)ractical  problems  are  the  lollowing: 
differing  beliacior  ol  anion  and  cation  in  a  given  salt,  j^otential  diflerences' 
across  membranes,  colloitl  osmotic  and  Donnan  eflects,  influence  oil 
solvent  drag,  aiul  the  differing  behavior  of  weak  and  strimg  electrolytes. 
W'ith  such  an  array  of  ci^mplicating  factors  to  consider  it  is  little  wonden 
that  j^rogress  in  this  fiekl  has  been  slow. 

Although  a  complete  description  of  the  events  involved  in  salt  absorp¬ 
tion  recjuires  consideration  <jf  the  electrical  potential,  this  is  not  to  sayi 
tfiat  \  aluable  information  cannot  be  obtained  without  it.  I  he  absoiption 
of  sodium  chloride  from  the  lumen  of  the  intestine  into  the  filood 
against  an  appreciable  chemical  gradient  retiuires  the  expenditure  ol 
energy.  This  energy  may  be  necessary  for  the  active  transjxnt  of  the* 
sodium  ion.  the  chloritle  ion,  or  both.  1  o  distinguish  between  these 
|>ossibilities  one  re(|uires  considerably  more  information,  including  data 
on  potential  difference  and  unidirectional  flux  rates  lor  both  ion  species.. 
Further  complications  arise  because  of  the  type  of  j)ore  thiough  uhicli 
the  ion  passes  and  direction  and  magnitude  of  bulk  flow  ol  water.  C.ou-< 
siclerable  advance  has  been  made  in  recent  vears  in  the  evaluation  of 
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these  \arious  lat  tors  as  they  apj^ly  to  salt  absorption  in  tlie  gastrointestinal 
tract. 


I  Historical 


.Sixty  years  ago  a  heated  contro\ersy  raged  between  the  projxinents 
of  diffusion  as  the  juiinary  force  in  intestinal  absorjnion  and  those  wlio 
belie\ed  that  some  “\  ital  forte”  or  ‘‘jihysiologit  al  at  ti\  ity”  was  resptmsible. 
One  of  the  t  la.ssical  experiments  sn])jx)rting  the  latter  view  was  j^erformetl 
by  Reitl  in  1892."'’  Me  tlemonstratetl  net  lluitl  mt)\ement  across  rabbit 
intestine  /n  vitro  when  both  sitles  were  bathed  in  an  itlentical  saline 
sohitif)!!  (Kigure  (it)).  Sinte  all  trsmotic  forces  were  eliminatetl  as  the 
•  tlri\ing  force  ftir  absorjition,  Reitl  conclutletl  that  some  unknown  factor 
I  a.ssociatetl  with  li\ing  cells  was  resjjonsible  for  Huitl  movement.  Cohn- 
heim,  intlependently,  began  studies  on  the  isolated  intestine  of  dog,  cat, 
rabbit,*®  anti  octojius.***  His  extcnsi\'e  series  of  studies  conhrnied  anti 
extentletl  Reitl’s  observations.  At  the  same  time  Heidenhain"*®  was  study¬ 
ing  salt  absf)rption  in  vix'o  anti  in  1894  showed  that  sotlium  chloritle 
in  hyj>ott)nic  saline  solutitins  was  absorbetl  from  the  intestine,  contrarv 
to  the  laws  of  simple  tlifiusion.  'Fhe  in  xntro  experiments  were  criticizetl 
as  ‘‘unj)hysiological”  anti  the  in  xnxx)  experiments  were  ignored  or  dis- 


Figure  66.  Movement  of  fluid  across  the  isolated  intestine.  .\  segment  of  rahhit 
cum  was  plated  as  a  diaphragm  helween  two  tonpartments.  each  containing  saline 
A  wrater  manometer  was  attached  to  each  compartment.  During  inculntion  o.o 

. . . . . . . . . 
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{ouiueil  l)y  the  opposition,  whose  exj^eriments  einpliasi/ed  tlie  role  of  I 
clifriision  in  inenihrane  j)lienoinena  in  general  and  the  small  intestine 
in  particidar. 

In  1919  (.oldsclnnidt  and  Daytoir'*®"**^  pnhlished  a  series  of  five 
important  paj:)ers  on  intestinal  absorjitioii  of  fluid  and  electrolytes  from 
the  dog  colon,  f'hey  showed  very  clearly  that  both  water  and  salt  coidd 
mo\e  across  the  intestine  in  either  direction  by  diffusion  in  response  to 
concentration  gradients,  (.oldschmidt  ended  his  1921  review'^^  on  intesti¬ 
nal  absorption  by  emphasizing  the  imjxirtance  of  dillusion  and  belittling, 
the  concejH  of  “vital  cell  acticity.’’ 

(inrionsly  enongh,  Cioldschmidt  in  the  same  series  ot  papers'*®"*”  had 
clearly  shown  two  j)henomena  which  conld  not  be  explained  by  dillusion; 
first,  the  movement  c^f  salt  from  lumen  to  blood  against  a  concentration 
gradient  (in  confirmation  of  Heiclenhain),  and,  second,  absorption  oli 
chloride  against  a  very  high  concentration  gradient  when  mixtures  of 
\a2S()4  and  XaCd  were  added  to  the  gut  lumen.  In  sj)ite  ot  this  ecidence* 
of  his  own  he  could  not  bring  himself  to  accept  the  possibility  that  aside* 
from  osmosis  there  were  other  important  processes  which  could  ncjt  be: 
explained  by  the  known  laws  of  dilfusion. 

\hsscher  and  his  collaborators  were  largely  resjjonsible  for  the  mod 
ern  \  iews  of  salt  absorption  from  the  intestine.'’''*’ ®‘*’ 1  hey  studied 
\a(d  absorption  in  the  jiresence  of  one  ot  the  poorly  absorbed  salts, 
Xa^SOi  or  MgSO,.  One  of  their  early  experiments  is  shown  in  Figure  ()7. 
In  the  presence  of  Xa2.S()4  the  chloride  concentration  fell  to  a  very  low' 
level.  Although  the  Donnan  effect  of  the  slowly  dillusible  .SO4”  would 


Figure  67.  .\l)soi plion  of  chloride  against  a  conccntralion  gradient  and  its  inhil)i 
tion  l)\  aiseiiite.  A  inixinre  of  sodium  diloiide  and  sodium  snllate  was  introdncetl  inU  ' 
llie  ileum  of  an  anestlieli/cd  dog.  1  Ingraham  and  \  isscher:  \m.  J.  IMissiol.,  ///.  19.16- 
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•Secretion  of  fluid  into  the  liiineii. 

I  en  to  .)()  ml,  of  dog  serum  jilaeed  in  washed  ileal  loops  of  anesthetized  dogs  foi 
•10  minutes,  .\verage  values  taken  from  X  isscher,  Roejrke,  and  l.ifson:  .\m.  J.  Physiol 
N^-Abl,  1015. 


iciul  to  lower  tlie  Cil  concentration  it  wonkl  not  account  lor  .some  of 
the  extieinely  low  C.l  values  observetl.  h nrtherinore,  troin  other  exjzeri- 
inents,  it  v\.ts  tleai  the  Na^  also  was  absorbed  against  a  cheinital  gradient 
which  could  not  be  explained  by  a  Donnan  elfect.  Jn  the  jzi'e.sence  of 
HgCIo  the  absorption  of  Cl”  did  not  occur. 

One  .serious  criticism  ol  many  experiments  on  absorption  in  the 
living  animal  is  that  the  solution  which  bathes  one  side  of  the  epithelial 
cell  (extracellular  lluid  or  blood  jdasma)  otters  too  many  variables, 
iiu hiding  dillnsible  and  nondillusible  anions,  cations,  and  neutial  mole¬ 
cules.  In  most  experiments  it  was  not  possible  to  eliminate  the  possibility 
that  the  colloid  osmotic  pressure  of  the  plasma  was  responsible  for  the 
absorption  ol  lluid  and  electrolytes  from  the  hnnen  of  the  intestine.  .\ 
crucial  experiment  was  the  demonstration  of  fluid  and  .salt  absorption 
Irom  .serum  placed  in  the  intestine.  Although  this  experiment  was  first 
IK-rlormed  in  18(i9  bv  Voit  and  Haner,^'^  the  most  complete  experiment 
was  reported  by  Visscher,  Roepke  and  i.ilsoitt'-  (I'able  28).  Sodium 
chloride  and  water  were  absorbed  from  the  intestinal  hnnen  and  the 
protein  concentration  increased,  .\lthongh  this  type  of  experiment  has 
leen  severely  (ritui/ed  betanse  of  jjossible  protein  hydrolysis  in  the  <>ui 
umen.  such  an  occurrence  would  tend  to  make  the  osmotic  pressure 
Hgher,  which  m  turn  would  cause  movement  of  lluid  from  blood  to 
hnnen,  the  ojjposite  of  what  is  actually  observed. 

Ion  Fluxes  and  Potential  ^feasiirements 

Ahhou^li  Xa^  traiis|M,n  „<(u.s  iIii'.iukIkh.i  ilie  eniiie  Icnaih  <,f 
tlie  .mail  and  la,,^e  .nustir.e,  tlic  clnn  provides  tl,e  most  lavwabie 
<oTul,ti,,ns  lo,  Its  tlcmonslration  cxpcrimeTilaily.  I'ssin.y.  anti  Antlei sen»» 
leponed  the  Inst  tarelnl  stt.dy  ol  the  relationship  between  the  eleetrical 
l-ioperlies  ol  the  intestine  and  the  movement  of  \a+.  I'si.m  the  eletfim 
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Table  29.  Sodum  1  ransi’ori  in  Lari.k  Intfshnk  ok  iiii;  1  oau 


FK.RIOD 

NO. 

IIME 

HR. 

Na+  tNKt.ix 
(l.U.MKN— >■ 

HI  OOD) 

^I't).  iir.A:m~ 

.\a  + 

OUTKI.UX 
(bi.ood— >■ 
l.e.MEN)  ^Kq 

Kq.,  llR./c.vi- 

NET 

KLL'X 

.  HR.  t:M 

Ei.Et:iRif:Ai. 

IN 

.) 

'^Kq./iiR.,  CM- 

CL'RRE.N  r 

IN 

^A.MfS 

1 

2 

2.10 

0.723 

1.38 

1.75 

23.5 

2 

2 

2.50 

1.033 

1.47 

1.36 

18.3 

1 

2 

1.34 

0.47 

0.87 

1.79 

24.0 

o 

M 

2 

2.46 

0.70 

1.76 

1.53 

20.6 

Tissue  was  j)lated  as  a  clia|)hragin  between  two  lluicl  tompai  tinents  from  whith 
samples  toukl  be  witlulrawn.  Cuircnt  was  measured  in  the  sliort-tirtuited  preparation 
of  I'ssing  and  /.erahii.**!  1  aken  from  I'ssing  and  Andersen;  l  liird  International  ('.ongress 
of  Rioehemistry,  Rrnssels,  1955. 


shoiT-circuitecl  niethotl  ot  Ussing  aiul  Zciahn-''  they  sliowetl  that  most  of 
the  sliort-cirtuit  ciirreiit  was  due  to  i\a  *  transjjort.  Table  29  shows  the 
results  of  exj^erimeiits  witli  toatl  colon.  Similar  resttlts  were  obtained 
with  guinea  pig  cecitm.  The  net  transport  of  Na^  was  generally  larger 
than  the  cttrrent  output.  1  his  would  iiulicate  either  a  transport  of  a 
cation  in  the  opposite  direttion  (jjerhaps  R^)  or  transport  of  an  anion 
in  the  same  direction  (perhaps  flCX).}").  Xein ohypophyseal  extracts 
cause  an  increase  in  short-circuit  current  and  in  net  \a+  transfer. 

(loojjerstein  and  Hogben-^  have  recently  studied  the  isolated  large 
intestine  of  the  bullfrog  anti  found  it  to  possess  a  sj>ontaneous  jiotential 
of  about  15  mv.  W'hen  both  sides  of  the  tissue  were  bathed  with  a  Ringer 
solution  containing  bicarbonate  and  COo,  measurements  were  made  of 
flux  rate  for  sodium  anti  chloritle  as  well  as  electrical  jnirameters.  Table 
50  shows  that  the  net  movement  of  sotlium  of  2.25  p,Tti./  cm.-  dtr.  occurred 
from  mucosal  to  serosal  sitle,  a  movement  against  an  electrical  gradient. 
Similar  experiments  were  jjerformetl  in  the  short-t  ircuited  frog  colt)n 
(the  tlata  have  been  presentetl  in  Table  9,  |j.  5()).  1  he  tlata  clearly 

show  the  passive  nature  of  the  chloride  movement.  Sotlium  transport 


Table  -ill  Si M Cl. I'AM- ons  Mi  vsi  rkmcnk  ok  \a+  and  C.l  I  i.cxfs  ai  15  m\.  in  I  rkskna.f 

OK  AND  CX)^ 


M - >■  s 

S  - >■  .M 

NET 

Sodium  llnx 

3.39 

1.14 

2.25 

Chloride  flux 

2.17 

1.17 

1.00 

Current 

-0.13 

0.12 

Conductance,  mmhos. 

2.57 

2  22 

yj _ ^  s,  mntosal  to  serosal  nnx;  S  - >  .M.  serosal  to  mucosal  linx.  l  lnx  anti 

(iirrenl  expressed  as  .p  ip  (in.Vhr.  Positive  enrrent  is  in  the  direction  M  ^ 

and  negative  cm  rent  S  - >►  M.  Taken  from  Cooperstein  and  llogben.  j.  i'.cu.  Plivsiol.. 

■/riffil,  1959. 
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mucosaQ  serosa® 


Figure  6S.  Chloride  diffu¬ 
sion  across  frog;  large  intestine. 
The  carrier  for  exchange  diffu¬ 
sion  is  designated  as  moving  to 
and  fro  in  the  inemhrane.  The 
large  passive  flux  of  chloride  is 
in  the  direction  of  the  electrical 
gradient.  (Cooperstein  and  Hog- 
hen:  J.  (.en.  Physiol.,  -{2,  1959.) 


could  accoitiu  lor  nio.st  bitt  not  all  ol  the  short-circuit  (iirrent.  Idiis 
su^u^gests  that  in  addition  there  was  transport  of  another  cation  in  the 
same  ditection  or  an  anion  in  the  opposite  direction.  Exidence  was  also 
obtained  that  bicarbonate  facilitated  sodittni  transport  and,  in  addition, 
uas  nece.ssaiy  loi  the  actixe  transport  of  the  other  unidentihed  anion  or 
cation.  .As  the  flux  ratios  tor  chloride  xx^ere  much  less  than  that  predicted 
by  Ussing  s  etpiation®^  for  passixe  diffusion  it  xvas  concluded  that  tlie 
tiisciepancy  coidd  be  attributed  to  exchange  diffusion.  A  summary  of  the 
pathxvays  lor  chloiide  is  gixen  in  Figure  68. 

Although  the  in  vivo  experiments  are  theoretically  more  complicated, 
having  extracellular  fluid  and  blood  plasma  on  one  side  of  the  gnt  xvall, 
they  haxe  j>roxided  important  information  which,  hy  and  large,  is  similar 
to  that  obtained  xvith  the  in  vitro  .systems.  Thus,  experiments  on  the 
colon  in  VIVO  o[  both  rat^-'^  and  dogso  suggest  actixe  transport  of  sodium 
and  passixe  diffusion  of  chloride.  C;ooj)erstein  and  Brockman^o  haxe 
jwoxided  evidence  that  during  periods  of  secretion  the  dog  colon  may 
•secrete  bicarbonate  ion  against  both  an  electrical  and  a  chemical  gradient. 

I  he  cjiiestion  of  which  ions  are  actively  transjmrted  across  the  ej)i- 
thehnm  of  the  small  intestine  is  somexvhat  more  difficult  than  that  in  the 
ca.se  of  the  colon.  Absorption  rates  for  Na  +  and  CA  -  are  rapid  in  both 
the  jejiimnn  and  ileum  while  the  jiotential  difference  across  the  mem- 
In-ane  is  extremely  .small.  Despite  the  experimental  difhcnlties.  Curran 
and  .Solomon^*  have  succeeded  in  providing  conxincing  evidence  for  the 
presence  of  actixe  transport  .systems  for  both  Xa+  and  Cl"  in  the  small 
intestine.  Althcn.gh  in  vitro  preparations  appear  to  be  .somewhat  more 
cl.nicult  to  study  in  this  regard-,  22  considerable  additional  data  has 
been  obtained.  I  idball-  has  lonncl  that  under  special  conditions  of  drug 
stnnniation  active  transport  of  C]-  from  blood  to  lumen  mav  be  demon¬ 
strated.  .Secretion  of  iodide  has  also  been  clemonstrated.i-i- ^2' 

It  is  interesting  to  compare  the  diflerent  anatomical  locations  aloim 
•be  gastrointestinal  tract  and  their  abilitv  to  transport  \a+  and  C]- 
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(  Talkie  ‘11).  The  stoiiiacli  actively  transports  the  Cl“  ion  Iroin  blood  to 
linnen  while  Xa^  inoveineiu  is  largely  passive.^^  Both  jejinunn  and  ileum 
can  clearly  absorb  XaCll  against  a  concentration  gradient,  indicating 
transj)ort  ot  \a  X  or  both.  The  unecjuivocal  demonstration  ol  one 

ot  these  three  possibilities  in  the  ieiunnm  and  ileum  has  been  diffuiilt 
because  ol  the  extremely  low  electrical  resistance  ol  the  tissue.  I’he  electi  i- 
cal  |)otential  dinerence  is  probably  close  to  zero  and  the  (lux  rates  of  ions 
in  the  two  directions  are  very  fast.  Cinrran  and  .Solomon  suggest  that 
both  ions  arc  actively  transported  in  rat  ileum. Kxjjerimcnts  with  colon 
show  clearly  that  Xa^  is  actively  transported  while  (11“  moves  passively, 
(ihloride  movement  may  have  a  component  of  either  exchange  diflu- 
sion“‘  or  solvent  drag.-” 


Table  :^l. 

Movimkmof  \a+  vm»(.1-  across  Difffrfnt 

OF  Tilt  (.ASIROIMFSTIN At,  I  rAC^T 

Rl  (.IONS 

RFC.ION 

SODIUM 

CHI  ORIDF, 

pH 

Stomach 

(secretion) 

Largely  passive 

Active 

Acid 

|cjunum 

Active?? 

Active?? 

Acid 

Ileum 

l’rol)al)ly  active 

l’rol)aI)ly  active 

Alkaline 

(loloii 

Active 

Passive 

Alkaline 

W^ater  .Vbsorption 

It  has  been  known  for  many  years  that  a  hy|)ertoni(  solution  placed 
in  the  lumen  of  the  intestine  became  diluted  by  a  movement  ol  water 
from  blood  to  lumen  and  conversely  hypotonic  solutions  in  the  lumen 
led  to  watei'  movement  in  the  ojjposite  direction.'**’  W'ith  iso-osmotic  solu¬ 
tions  in  the  lumen  there  was  either  no  change  in  osmotic  j>ressure  during 
absorption  or  the  solution  became  slightly  hypotonic.***’’*'^  Under  these 
conditions,  then,  the  solution  being  absorbed  is  iso-osmotic  with  blood 
or  slightly  hyjjertonic.  These  data  are  entirely  consistent  with  the  view 
that  water  moves  in  response  to  osmotic  gradients  set  up  cither  by  adding 
an  anisotonic  solution  to  the  gut  lumen  or  by  gradients  jirocluced  by 
absorption  of  salt  from  an  isotonic  solution.  This  and  other  evidence'’’ 
22-24,52  strongly  suggests  that  the  movement  ol  water  is  secondary  to  the 
transport  of  solute  (usually  XaUl). 

.\  few  experimental  situations  have  been  discovered  in  which  there  is 
an  apparently  anomalous  movement  of  Iluid  against  an  osmotic  gradient 
both  in  T'/To'*"’ *’*’  and  in  T'/7ro. Furthermore,  hydrostatic  pressure 
against  the  ejuthelial  surface  of  rat  intestine  in  vitro  cIck’s  not  jiroducc  the 
expec  ted  movement  of  Iluid.'*-- *’"  Active  water  transport  has  been  sug¬ 
gested  by  some  investigators'*'-^- '*^- ****•  "'*  to  account  lor  these  results.  A 
logical  explanation  without  invoking  a  primary  active  water  transport 
has  been  suggested  by  ( In rran. 
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Accoicliiig  to  liis  hypotliesis  tlic  in  vitro  intestine  possesses  two  j^orons 
structures  in  series,  a  thin  membrane  witli  small  jiores  (cell  membrane) 
and  a  much  thicker  membrane  with  large  jjores  (submucosal  aiul 
muscle  layers).  Solute  (usually  Na(d)  is  acti\ely  transported  across  the 
thin  membrane,  which  produces  a  local  osmotit  gradient,  and  fluid 
mo\es  from  lumen  to  cell  across  the  thin  membiane.  Although  there  is 
a  tendency  for  water  to  move  from  serosal  to  mucosal  side  across  the  thick 
membrane,  such  a  jjrotess  through  the  200  to  500  microns  of  tissue  is 
exceedingly  slow,  d'he  mo\ement  of  fluid  across  the  thin  membrane 
produces  a  hydrostatic  pressure  within  the  tissue  and  fluid  jxisses  across 
I  the  thicker  jiortion  of  the  tissue  clue  to  the  hydrostatic  jiressure  gradi¬ 
ent  (bulk  flow).  It  is  cjuite  reasonable,  therefore,  that  under  in  vitro 
\  conditions  the  bulk  flow  cjf  fluid  from  mucosal  to  sercjsal  sides  by  solute 
1  transport  efiecti\ely  inhibits  a  tendency  for  diflusion  in  the  opjiosite 
direction  because  of  an  adverse  osmotic  pressure  difierence  on  the  two 
sides.  I  he  bidk  flow  hyj^othesis  has  been  further  stiengthened  by  the 
obserxation  of  Lee'’®‘‘  that  fluid  moves  across  the  in  x'itro  rat  intestine  into 
the  lymphatic  and  blood  vascidar  channels. 

I  heie  has  been  a  discussion  in  the  recent  literature^^’  concerning 
the  role  of  glucose  in  water  absorption.  This  has  arisen  from  the  observa¬ 
tion  that  lat  intestine  ni  xntro  recjuires  the  j^resence  cjf  glucose  for  fluid 
absoi  ption.^^' Lifson  and  Parsons'^®  showed  that  this  effect  was 
a  nutritive  one  as  the  presence  of  glucose  on  the  serosal  side  in  high 
enough  concenti .ition  stimidated  fluid  absorj)tion.  It  is  important  to 
remember  that  in  xnxx)  such  additions  ol  glucose  to  the  solution  in  the 
lumen  is  without  effect,^'  although  there  is,  of  course,  always  glucose  in 
the  blood.  Furthermore,  Wilson»'>  has  shown  that  in  xntro  preparations 
of  hamster  intestine  do  not  recjuire  glucose  in  the  incubation  medium 
lor  ion  and  water  absorjition.  It  is  concluded  that  the  only  effect  of  glu¬ 
cose  IS  an  indirect  one  on  the  nutrition  of  the  cell  and  furthennore  only 
occurs  with  in  vitro  jDe|iarations  of  rat  intest itie. 


Alterations  in  Salt  and  Water  .Absorption 

Physiologists  have  always  assumed  that  intestitial  motility  had  a 
|.iol,„nul  elicct  (,n  imesiinal  al)sorptio„  aithoi.Kh  ipiamiiaiive' <laia 
support  tins  v.etv  hatl  Itee.i  meager.  It  lias  long  been  appreeiateci  that 
Molcm  UK  l  eased  motility  meant  that  many  substames  were  not  in  the 
small  and  large  gut  long  enongh  to  he  completely  absorbed.  Rerentiv, 
iggms.  (.ode,  ami  <)rvis«  have  shown  with  tpiantitalive  methods  that 
■etieased  intestinal  motility  prothicetl  by  inethantheline  bromitle  pro- 
‘luced  a  decrease  in  \a"  absorjnion. 

Mertiniais  whith  are  known  to  ailed  \a+  resorption  In  renal 
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I  able  32.  I'.KFFCT  OK  W’liol.K.-lioDV  Irradia no.N  ()\  Sodium  'Iransdori  in  ini-  Inh-siink 


HOURS  AFTER  IRRADIATION 

NET  SODIU.M  FI.UX 
^Kc).  MR.  <;m. 

0 

8.5 

6 

•t.O 

13 

1. 1 

21 

-2.9 

67 

-6.0 

Intestine  taken  lioin  irradiated  rats  was  |dated  in  an  in  I'itro  a|)|>aratus  and  sodium 
and  water  mo\ement  measured.  Taken  from  (  urran,  Webster,  and  llo\se|)ian:  Radia¬ 
tion  Res..  /7:3()9.  IWO. 


tubules  also  inhibit  Na*  transjjort  by  the  intestine  in  exjjei  iinental  ani- 
inals^’*-*-  and  in  inan.‘‘- 

X-ii radiation  ol  the  small  intestine  has  been  stndietl  in  some  detail 
by  Qnastler.^^  Death  as  a  result  of  whole-body  irradiation  of  100  to 
10,000  r.  which  occurs  in  three  to  five  clays  in  the  rat  is  mainly  cine  to 
damage  to  the  intestinal  ejhthelinm.  (airran,  Webster,  and  Hovsepian-® 
have  stndied  the  epithelial  defect  in  Xa^  absorption  by  measuring  ion 
mcjvement,  in  vitro,  with  intestine  remoxed  from  irradiated  rats,  d'able 
'12  shows  that  xvithin  six  hours  of  irradiation  net  Xa+  absorjition  was 
significantly  redneed  and  after  a  few  days  there  xvas  a  reversal  of  ion 
movement  (secretion  into  the  lumen). 


OTHER  MONOVALENT  IONS 

pH  Cihanges  .Across  the  (iut  VV^all  (HLO.j"  and  H  ) 

Ions  other  than  sodium  and  chloride  must  be  considered  in  any 
conijjlete  descrij)tion  of  intestinal  absorjnion  and  secretion.  The  pH 
gradients  across  the  intestinal  ejn'thelium  can  be  considerable.  In  most 
animals  jejunal  contents  are  more  acid  than  blood  while  ileal  contents 
are  more  alkaline.  These  gradients  must  be  a  result  of  the  active  transport 
of  one  or  more  ions,  the  most  likely  candidates  being  fl(X);j“  and  II  ' . 

The  first  careful  study  of  acid-base  changes  across  the  wall  of  the 
intestine  was  carried  out  by  clelleer,  jolmston.  and  W'ilson,'^'  who  col¬ 
lected  secretions  from  Thiry-X'ella  loops  of  nnanestheti/ed  dogs.  Table  .S3 
shows  that  the  jejnnnm  secreted  fluid  with  a  pH  and  “total  (.02”  lower 
than  that  of  blood  plasma,  while  the  ileum  and  colon  produced  an  alka¬ 
line  solution  with  a  high  “total  i'X),."  Of  particular  interest  is  the  com¬ 
ment  that  the  calculated  COo  tensions  were  often  much  higher  than  those 
found  in  lilood.  The  low  bicarfionate  and  high  (.02  tension  was  also 
found  in  human  snlijeds  liy  .McX.ee  and  I  fastings.'^'*  In  these  ex|x-rimenis 
the  (alculated  (X)2  tension  ranged  lieiwc’en  hh  mm.  and  200  mm.  In  the 
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Table  pH  and  HCOg-  (,V)\f:h mka noN  oi-  Imistinal  Sk  ri  iions  of  imk  I)o(. 


LOCATION 

pH 

“total  (.02” 

(HCOg-  +  C()2) 

(niM.) 

Jejunum 

6.8 

19* 

Ileum 

7.6 

83 

Colon 

8.0 

90 

*  “If  one  calculates  the  TO.,  tension  from  our  data,  one  obtains,  iti  some  instances, 
values  far  higher  than  those  obtained  for  blood.’’ 

.Secretions  from  I  hiiyTella  loops  of  unanestheti/ed  dogs,  unexposed  to  air  during 
collection. 

I  aken  from  deUeer,  Johnston,  and  W’ilsopi:  ).  Uiol.  (  hem.,  /d.V:ll3,  193.'). 

jejtimim  tlic  tlissoKctl  (X)2  wa.s  dearly  not  in  e(|tiilil)rinn)  with  the  Itlootl 
and  these  authors  concluded  tliat  two  secretions  were  produced,  one  acid 
and  the  other  alkaline. 

When  various  solutions  are  instilled  into  the  lumen  of  the  small 
intestine  and  then  removed  alter  different  time  intervals,  characteristic 
pH  and  bicarbonate  changes  are  observed.  In  the  dog,^^’ rat,"  and 
man,*^’®'-*  solutions  placed  in  the  jejunum  become  slightly  acid  compared 
to  blood,  and  similar  solutions  in  the  lower  ileum  become  alkaline. 
D’Agostino,  Leadbetter  and  .Schwartz-®  have  studied  bicarbonate  secretion 
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Figure  70.  Changes  in  bicarbonate  con¬ 
centration  cluiing  absorption  of  NaCl- 
NaHCOg  solutions  by  rat  intestine.  Solution 
was  recirculated  tbrough  the  lumen  of  the 
intestine  of  an  anestheti/ed  rat.  (Parsons, 
Quart.  J.  E.\per.  Physiol.,  -fl,  1956.) 


in  the  colon  of  the  dog.  Figure  69  .shows  the  rise  in  hicarl^onatc  and  fall 
in  (11  “  concentration  of  a  XaCd  solution  jdaced  in  the  colon. 

J  he  availability  of  newer  methods  has  stimulated  a  reinvestigation 
of  this  problem.  \\'ilson’”“’  has  shown  that  rat  intestine  in  vitro  de- 
\elops  a  pfl  gradient  acrccss  its  wall,  the  lumen  being  acitl  in  comparison 
with  the  serosal  side.  Parsons'”  made  a  careful  study  of  the  acid-base 
changes  across  rat  intestine  in  t'/t'o.  Figure  79  shows  that  when  a  solution 
containing  25  mM.  fI(X);t~  is  jjlaced  in  the  jejunum,  this  ion  was  almost 
completely  remo\ed  in  four  hours.  In  the  ileum  and  colon  the  bicar¬ 
bonate  concentration  rises  under  similar  comlitions.  He  also  observed 
that  the  calculated  IHCX);,  concentration  in  the  jejunum  (1.97  mM.) 
was  greater  than  that  in  either  the  ileum  (1.79  mM.)  or  the  colon 
(1.55  niM.). 

Further  studies  were  carried  out  on  bicarbonate  secretion  in  hamster 
ileum  by  Wilson  and  Ka/yak.*”-  When  everted  sacs  of  hamster  ileum  were 
inc  iihated  with  Krehs-Menseleit  hie  ai  honate-saline  on  both  sides  of  the 
intestinal  wall  the  pi  I  and  IKX).,  lell  on  the  serosal  side  and  rose  on 
the  mucosal  side.  1  he  loss  from  the  mucosal  side  could  he  largely  ac- 
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(lit  hainstci .  Net  iiioveiiieiil  of  hicarLoiiate  across  everted  sacs  of  liainster  intestine  was 
estimated  after  W  minutes  incnOalion  at  .SO'C.  (Wilson  and  Ka/vak:  Biocfiim.  et 
Liopliys.  acta,  2-f,  1957.) 

comucd  lor  by  tlic  gain  on  tlie  serosal  side  (Figure  71).  Studies  ol  Iluid 
and  ion  niovenient  suggested  that  the  ileum  was  secreting  an  isotonic 
solution  ol  i\a+  (oi  K  +  )  HCOs"  Irom  serosal  to  mucosal  sides.  During 
transjjort  the  CO^  tension  rose  in  the  serosal  solution.  This  observation 
was  taken  to  indicate  that  the  mechanism  ol  transport  involved  the  ex¬ 
change  ol  a  hydrogen  ion  with  some  other  cation  across  the  serosal  border 
of  the  epithelial  cell  (Figure  72). 

Irom  all  of  these  studies  it  appears  that  when  pH  gradients  are  set 
up  acro,ss  the  intestinal  wall  the  more  acid  side  has  a  high  CX).  tension. 
I  Ins  is  true  for  both  the  luminal  solution  during  acid  secretion  by  the 
jejunum  in  the  serosal  solution  during  alkaline  secretion 
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by  tlie  ileiiiii  ni  vilro.^'^-  It  seems  reasonable  to  supjicjse  that  a  similar 
mechanism  is  involved  in  both  j>arts  ol  the  small  intestine,  one  which 
involves  the  exchange  or  transport  ot  hydrogen  ion  across  one  border  of 
the  epithelial  cell.  In  the  colon,  for  example,  where  the  lumen  is  elec¬ 
trically  positice  with  respect  to  the  serosal  side,  the  secretion  of  bicar¬ 
bonate  into  the  lumen-*’  and  the  hyjjothetical  mo\ement  of  hydrogen 
ion  into  the  blood  would  both  occur  against  an  electrical  and  chemical 
gradient. 

Iodide 

Ihistan^-  discovered  that  the  midportion  of  the  rat  small  intestine 
secreted  iodide  from  blood  to  hnnen  against  a  concentration  gradient. 

I  bis  observation  has  been  confirmed  by  the  everted  sac  method  by 
Acland  et  al.^‘-*  Apjjarently  the  iodide  secretion  is  not  similar  to  that  of 
the  thyroid  and  sali\ary  gland  as  it  is  unallected  by  thionracil  and 
carbimazole. 

DIVALENT  CATION.S 

The  rate  of  intestinal  absorption  of  divalent  cations  is  extremely 
slo^v— many  times  slower  than  that  for  monovalent  ions.  It  is  fortunate, 
therefore,  that  the  intestine  is  not  called  upon  to  absorb  large  amounts 
of  such  polyvalent  ions.  .Apparently  the  absorption  of  even  small  amounts 
is  dilhcnlt,  and  to  survive  the  body  has  been  forced  to  develoji  special 
mechanisms  for  their  transport.  The  regulation  of  their  transport  is  ap¬ 
parently  cpiite  comjilicated  and  at  times  the  balance  between  need  and 
supjily  is  jirecarious.  Lalcium  and  lerrous  ions  are  the  two  best  known 
examples  of  divalent  cations  recpiired  by  the  animal  body  although  other 
ions  such  as  magnesium,  manganese,  and  /int  are  certainly  retjuired. 

C'.alciiim 

In  comparison  with  the  total  amount  of  sodium  in  the  gut  each  day 
(about  1  mole)  that  for  calcium  is  very  much  less  (.S.5  niM.)  and  only 
about  half  of  that  is  absorbed.  .Although  calcium  is  absorbed  more  than  aO 
times  more  slowly  than  sodium,  this  rate  is  considerably  greater  than  that 
for  the  other  divalent  cations  such  as  he"  ",  Zn  '  and  Mn"  In  man 
about  I  gm.  of  calcium  is  secreted  into  the  intestine  from  the  .salivary, 
gastric,  and  pancreatic  secretions,  and  this,  j)lus  an  amount  ecpiivalent 
to  that  lost  in  the  urine,  must  be  absorbed  to  maintain  calcium  balance, 
rite  view  olten  expiessed.  even  in  recent  texts,  that  calcium  is  actively 
excreted  by  (he  colon  is  apparcuitly  entirely  erroneous.  Xicolaysen.*'®  ^ 
for  example,  found  (hat  very  little  calcium  was  ptoduced  by  a  rhiry-\’ella  I 
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loojj  oi  colon  and  ihib  excretion  was  not  inllnentecl  by  either  liigh  talciuin 
diet  or  intravenous  injection  oi  this  ion.  Fnrtherniore,  the  same  fecal 
calcium  was  iouncl  in  animals  with  or  without  a  colon. 

A  preeminent  ieatme  oi  calcinm  absorjetion  is  the  ability  ol  an 
animal  to  increase  its  Cia++  absorjetivc  cajeacity  during  jeeriods  oi  low 
intake.*^**'  I  bis  “adajetation”  to  low  intake  was  seen  only  in  animals  with 
adecpiate  \itamin  1)  intake  and  jercsnmably  is  mediated  directly  or 
indirectly  by  this  \itamin.  The  animal  on  a  ncermal  Ca^+  diet  but 
without  aclecjuate  \itamin  I)  will  show  a  severe  cleiect  in  calcium 
absorjetion.  I  his  recjuirement  ioi'  \  itamin  1)  is  the  central  theme  in  the 
story  oi  calcium  absorjetion  and  has  been  clearly  demonstrated  in  a  variety 
oi  animals  (see  recent  re\  iews^**^’  I’liat  the  \itamiii  directly  afiects  the 
intestinal  mucosa  has  recently  been  confirmed  by  transj>ort  studies  with 
everted  sacs  oi  gut  from  ncjrmal  rachitic  rats.^^- Figure  73 
shows  that  the  concentrating  ability  oi  the  gut  from  deficient  animals 
fell  in  a  lew  days.  As  soon  as  one  hour  after  rej^lacement  therapy,  return 
toward  normal  had  begun. 

Fhe  ability  oi  the  intestine  to  transport  Ca++  across  the  gut  wall 
against  a  concentration  gradient  is  mainly  confined  to  the  upjjer  portion 
oi  the  small  intestine  in  the  rat,  rabbit,  guinea  pig,  and  mouse.  Curiously 
enough,  the  pattern  is  re\'ersecl  in  the  golden  hamster,  the  terminal  ileum 


DAYS  ON  DEFICIENT  DIET 

Figure  7).  ITie  eirec  t  of  vitamin  1)  on  the  intestinal  transiKn  t  of  calcium  Rats 
w  •  .  place,  „n  a  vuan.in  l,-.lelKk..„  ,lie.  „„  a  sim.la,  .lie,  s„pple,„e,He;i  kith 
itamm  Kxeited  sacs  of  intestine  li„m  these  animals  were  tested  foi  their  capacity  to 
,...,ce„„a„.  ,al„„.„.,a  ,R, Scha.l,,,.,  a,„l  R,,,..,,,  A,,,^  j,  PI,,,!,,!;;' 
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being  most  active.  Most  studies  witli  the  i  at®^’ and  tlie  chick^'*  indi¬ 
cate  that  vitamin  1)  ailects  the  njjjjer  gut.  In  vitro  studies  ot  Schacliter 
and  Rosen^^  and  others'**'  clearly  show  elletts  on  the  dnodemnn. 

j 

DeLuca,  C»ran,  and  Sieenbock-**  made  the  interesting  observation 
that  vitamin  1)  inhibited  titrate  oxidation,  resulting  in  an  accumulation 
ot  citric  acid  in  a  variety  ot  tissues.  .\s  citrate  can  torm  a  soluble  comj>lex 
with  calcium  it  is  teinj^ting  to  consider  the  possibility  that  citrate  con¬ 
centration  within  the  gut  or  blood  might  regulate  Cla^^  absorption  in 
some  manner.  In  vitro  studies  have  tailetl  to  provide  any  evidence  to 
suj>port  this  hypothesis,  although  it  taimot  be  exchuled  according  to 
the  data  available.  Recently  Rasmussen'^  has  shown  that  jjarathyroidec- 
toniy  reduced  the  ability  ol  rat  intestine  to  transj>ort  Cla +  (  Table  34). 
He  cites  work  on  both  rat  and  human  to  support  his  contention  that 
the  parathvioitls  may  play  an  important  role  in  (la  *  '  absorption. 


Table  3-1.  Kffk.ctok  Parmio  roidkciom^ on  In  ifshn ai.  I  ransfort  of  Cai.cii'm 


CAI.CIU.M  CONC. 

TRANSPORT  OF  CAI.CIU.M 

(mM.) 

(FINAI.  SFROSAI.  CONC./FINAI.  iMUCOSAI.  CONC.) 

CONIXOI.  PAR  ATHVROlDEtlTO.M  S 

U.04 

7.6  4.2 

1.25 

3.3  2.0 

Sacs  of  rat  intestine  weie  incnhatetl  one  honi  with  the  indicated  concentration  of  Ca  +  ' 

on  both  sides  of  the  intestinal  wall.  I  ests  on  t)i)erated  animals  were  carried  out  at  least 
four  hours  after  the  operation.  Mollified  from  Rasmussen:  Kndocrinology,  65:.517.  19')9. 


Iron 

The  daily  dietary  retpiirement  lor  iron  is  very  small.  In  humans,  lor 
example,  less  than  I  mg.  needs  to  be  absorbed  by  the  gastrointestinal  tract 
per  day.®'^  Although  about  10  mg.  are  ingested  daily,  the  body  has  difli- 
cultv  in  extracting  the  10  per  cent  retpiired.  In  women,  who  have  a 
greater  retpiirement  tor  this  ion,  the  extraction  is  not  always  entirely  ade- 
tjnate.  Recent  reviews*-' **"•  *"‘*- ^’'*  may  be  consulted  lor  Inriher  details. 

In  the  gastrointestinal  tract  iron  exists  in  an  etpiilibrinm  between  the 
divalent  and  trivalent  lorms,  the  exact  judjiortion  ot  which  is  not  known 
with  certainty.  From  knowledge  ot  permeability  characteristics  ot  other 
membranes  one  would  exiiect  that  the  trivalent  sjjecies  would  jienetrate 
the  gut  much  more  slowly  than  the  divalent  ion.  It  is  ipiite  clear  trom 
many  studies  in  man  and  exjx'rimental  animals  that  this  is  the  case. 

Table  35  shows  that  both  man  ami  dog  absorb  the  divalent  ion  taster  than 
the  trivalent.®^  It  is  probable  that  the  ion  sjiecies  crossing  the  membrane 
is  almost  exclusively  the  divalent  one  even  in  the  dog,  as  reduction  ol 
a  certain  amount  ot  the  trivalent  to  divalent  certainly  occurs.  .V  lactor 
which  may  inhibit  iron  absorption  is  the  inesence  in  the  diet  of  large 
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amounts  of  phosphate  or  phytic  acid  which  may  precipitate  ionized  iron 
and  make  it  una\ailable  for  absorption. 


Table  .35.  .\B,soRi’rio\  of  ihf 

Ri  i)cci  I)  .AM)  OxiDizf.i)  Forms 

of  Iron 

DOSK  OF  IRO.NI 

M<../K(,.  body  W1  K.H  1 

F'e++  ABSORBFI) 

I.e+  +  +  absorbkd 

HUMAN 

Dor; 

1 

2 

4 

6.5  (2) 

3.7  (3) 

4.6  (4) 

2.7  (9) 

Xmiiliers  in  parentheses  indicate  iuind)ei  of  subjects.  Both  forms  of  iron  were  tested 
in  the  same  animal  in  separate  experiments,  t  aken  from  Moore,  I)nl)ach,  Minnich, 
and  Roberts;  J.  Cllin.  Invest.,  2^:755,  19M. 


.\  j>articularly  interesting  observation  is  the  fact  that  anemic  animals 
absorb  dietary  iron  much  more  efficiently  than  do  normal  ones.  Hahn 
et  al.'*^’ found  that  anemic  dogs  could  absorb  hve  to  fifteen  times  as 


much  iron  as  noiinal  dogs.  More  iron  is  absorbed  by  humans  in  preg¬ 
nancy  and  (onditions  in  which  iron  stores  are  depleted.®  These  workers 
develojicd  the  hypothesis  that  the  intestinal  ejiithelium  contained  a  re¬ 
ceptor  substance  which  would  be  saturated  by  iron  in  the  lumen  of  the 
gut  and  could  transj^ort  this  iron  into  the  blood.  Granick'^*  extended  this 
idea  by  identifying  the  receptor  substance  with  aj^oferritin  in  the  mem¬ 
brane  of  the  epithelial  cell.  1  he  criticism  of  these  theories  is  based  mainlx 
on  the  ol)ser\ation  that  the  “saturation”  of  the  carrier  has  not  been  con- 
Hrmed.  .Smith  and  Pannacciulli.^'^  for  e\amj)le,  found  that  in  human  sub¬ 
jects  a  fairly  constant  percentage  of  the  ingested  dose  was  absorbed  ovei 
a  wide  range  of  dosage  (0.001  to  lOmg.). 


Brown  and  fustus'^  have  recently  studied  Ke®^  absorption  with  the 
everted  sac  method  and  lound  noex  idence  for  factors  other  than  diffusion 
during  absorption.  They  observed  that  the  Fe®«SO,  uptake  into  the  epi¬ 
thelium  xvas  greatest  in  the  duodenum  (i??  vh'o)  and  declined  graduallv 
toward  the  low  ileum.  Dowell,  Schachter  and  SchenkerSJ’  reinvestigated 
the  inoblem  with  ni  vitro  ]nejnnations  of  rat  duodenum  and  demon¬ 
strated  absorption  of  Fe++  against  a  concentration  gi'adient.  This  gradi¬ 
ent  was  inhibited  by  substances  which  interfered  with  the  metabolism 
of  the  cell  (Table  36). 

It  is  interesting  to  note  that  the  duodenum,  the  only  portion  of  the 
gut  able  to  transport  Fe++  against  a  concentration  .giadient  29  is  the 
portion  of  the  gut  containing  most  ferritin.  Perhaps  this  is  more  than 
mere  coincidence  and  ferritin  is  actually  involved  in  the  transport  proc¬ 
ess.  Further  studies  are  recpiired  to  elucidate  the  complete  mechanism 
ot  tins  interesting  process. 


152 


INTESTINAL  ABSORPTION 


Table  %.  ('.onckmrahon  C.raoiknts  of  Fc^  Dfa  fi  offi)  Across 
IMF  \\  AI  I,  OF  KVFRTFr)  SaCS  OF  RaT  (.I  T 


c.oNnmoNS 

CONC.  O.N  SFROSAI.  SIDE 

CO.NC.  ON  .MCCOSAL  SIDE 

.Aerobic  control 

8.2 

.Anaerobic 

0.2 

.Aerobic,  azide  (0.003  M.) 

0.6 

Sacs  of  rat  duodenum  incubated  with  the  same  initial  concentration  of  iron  on  both 
sides  of  the  intestinal  wall.  Fach  value  is  tlie  average  of  four  experiments.  Modified 
from  Dowdle,  .Schachter,  and  Schenker;  .\m.  J.  I’hvsiol.,  795:609,  1960. 


Other  Divalent  Catioii.s 

Although  is  essential  lor  animal  nutrition  its  absorption  has 

not  been  investigatetl  in  any  detail.  This  ion  was  tested  by  .Schachter  et 
al.^^  with  in  vitro  preparations  of  rat  intestine  and  they  did  not  detect 
any  transport  against  a  concentration  gradient. 

I'hree  other  cations  are  probably  re(|nired  l)y  humans  in  only  milli¬ 
gram  (piantities:  Zn++,  Mn^  and  Cii++.  It  is  possible  that  there  may 
be  un.siisj)ected  transjjort  systems  for  these  ions. 

W'asserman^*  has  presented  evidence  that  sacs  of  rat  ileum  can 
secrete  strontium  ion  from  serosal  to  mucosal  side,  d'his  ion  is  of  interest 
because  its  metabolism  within  the  body  has  some  features  common  to 
da’^^.  I  he  j)hysiologi( al  significame  of  strontium  .secretion  is  not  yet 
clear. 

Other  .Vnions 

.Si'I.fatf:  It  has  been  known  since  the  late  nineteenth  century  that 
sodium  and  magnesium  sulfates  were  jjoorly  absorbed  by  the  small 
intestine.  The  small  intestine  is  not  (ompletely  impermeable  to  the 
sulfate  ion  but  absor])tion  is  so  slow  as  to  make  it  an  eflective  saline 
cathartic. 

Preliminary  experiments  with  everted  sacs  of  hamster  intestine’"'’ 
indicate  that  sulfate  can  be  absorbed  by  the  jejunum  and.  in  some  experi¬ 
ments.  secreted  by  the  ileum  against  ( oncentration  gradients,  d'his  unex¬ 
pected  finding  must  be  studied  in  more  detail. 

PtiospiiATF.:  It  is  remarkable  that  so  little  work  has  been  carried 
out  on  this  interesting  and  important  ion.  Interest  in  this  ion  has  centered 
mainly  around  its  relation  to  calcium  absor[)tion.  Large  amounts  of 
phosphate  in  the  diet  apparently  dept  ess  calcium  absorption,-^"’ pre¬ 
sumably  because  of  the  formation  of  (alcium  phosphate.  1  his  subject 
has  been  reviewed  by  Xicolaysen.  Keg-Larsen  and  Malm."" 

.McHardy  and  Parsons""  ha\e  made  a  careful  study  of  jthosphate 
absorption  fiom  the  rat  intestine,  in  vivo.  Net  jthosphate  absorption 
increased  with  decreasing  pH  which  may  indicate  that  the  monovalent 
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lonn  is  absorbed  more  readily  ilian  the  di\alcnt.  I'he  absorjilioii  rate 
was  imiiidiienced  eitlier  by  <'lucose  in  the  lumen  (ir  by  \ariation  oi  tlie 
tonicity  Init  was  greatly  diminished  by  low  (fiiuentrations  ol  sodium. 
Increasing  the  phosjihate  concentration  in  the  lumen  increased  the 
absorption  late,  but  no  e\idence  of  any  satination  jdienomena  was  lound. 

In  vitro  studies  ol  jatobi,  Rummel,  and  Plleger^'’^'  ha\e  shown  a 
high  temjierature  coelhcient  (Qio  =  5.!1)  lor  j.)hosj)hate  absoijjtion. 
•Anaerobic  conditions,  dinitrophenol,  and  thyroxine  increase  the  late  oi 
phosphate  mo\ement  Irom  mucosal  to  .seiosal  side.  A  relationshij.)  be¬ 
tween  phosj.)hate  absoiption  and  aetcibic  glycolysis  is  suggested.  I'he 
tlux  measmements  (.>1  .Asam,)^  suggest  the  jiossibility  that  some  tyjje  ol 
can  iei-mediated  tiansport  may  be  iuNolved  undei  cei  tain  conditicjns. 


REFERENCES 


I. 

<> 

3. 

4. 


(i. 

7. 

8. 

9. 

10. 

II. 


12. 

13. 

14. 


15. 

IG. 

17. 


.Aclaiul,  J.  I).:  I  he  use  ol  a  ijeifusioii  appaialus  to  study  continuously  the  trans¬ 
port  of  I3il  lal)elleti  iotlide  by  the  small  intestine.  Hiocheni.  J.,  74:23P,  1959. 

.Atland,  J.  D.,  and  Illman,  O.:  .Stmlies  of  iodide  transpoi  t  against  a  concentration 
gradient  by  the  small  intestine  of  the  rat  in  vitro.  J.  Physiol.,  y-/7:260-268,  1959. 

.Acland,  J.  I).,  and  John.son,  .S.:  Transport  ot  iodide  by  the  small  intestine  of 
the  rat  in  vitro.  Biochem.  J.,  76:  19P,  1960. 

.■\sano,  T.:  Transport  of  calcium  and  inorganic  phosjjhate  across  the  intestinal 
wall  of  the  rat.  Seitai  no  Kagaku,  y/:317-320,  I960. 

Balfour,  W.  M..  Hahu,  P.  F.,  Bale,  ^V.  F.,  Pommerenke,  AV.  I  .,  and  \\hipple, 
C..  H.:  Radioactive  iron  absorption  in  dinical  contlitions:  normal,  pregnancy, 
anemia,  and  hemochromatosis.  J.  Kxper.  Med.,  76:15-30,  1942. 

Berger,  F.  Y.,  Kan/aki,  (,.,  Homer,  M.  and  .Steele,  J.  .\I.:  Simultaneous  flux 
of  scMlium  into  and  out  of  the  dog  intestine.  .Am.  }.  Physiol.,  796:74-82,  1959. 

Blickeustall,  I).  1).:  Fllect  of  Meralluride  and  of  mercuric  chloride  on  intestinal 
absorption  of  0.9%  NaCI  solution.  .\m.  j.  Physiol.,  /7.y:37 1 -374,  1954. 

Borgstiom,  B.,  DahUivist,  .\.,  l.undh,  (;.,  and  .Sjovall,  J.:  Studies  of  intestinal 
digestion  and  ab.sorption  in  the  human.  J.  Clin.  Invest.,  ’6:1521-1536,  1957. 

Brown,  F.  B.,  Ji  .,  and  Justus,  B.  \\’.:  In  vitro  ab.sor|Uion  of  radioiron  by  evei  ted 
pouches  of  rat  intestine.  .\m.  J.  Physiol.,  /9-/:3I9-326,  1958. 

Bucher,  C..  R.,  Ander.son,  C.  F.,  and  Robinson,  C.  S.:  C:h’emical  changes  pioduced 
in  isotonic  solutions  of  sodium  sul|)hate  and  sodium  chloride  by  the  small 
intestine  of  the  dog.  .\m.  J.  Physiol.,  76?:  1-13,  1950. 

Bucher,  Ci.  R.,  Flynn,  J.  (I.,  and  Robinson,  C.  S.:  I  he  action  of  the  human 
small  intestine  m  altering  the  composition  of  idiysiological  saline  I  Biol 
C;hem.,  7??:305-313.  1944.  ft  J-  • 


Callender,  S.  I  .:  Iron  absorption.  Brit.  Med.  Bull.,  75:5-7,  1959. 

C.aitei,  \\  .,  (.0X011,  R.  A.,  Parsons,  1).  S.,  and  I  hompson,  R.  H.  .S.:  Biochemistry 
in  Relation  to  Medicine.  London,  Longmans,  (been  &  Co.,  1959  i).  ‘MG 
Clarkson  F.  W  Cross,  A.  C.,  and  I  oole,  S.  R.:  Flectrical  potentiah  across 

isolated  small  intestine  of  the  rat.  Am.  J.  Physiol.,  206:1233-1235,  1961 
Clarkson  I.  W  and  Rothstein,  A.:  Fransport  of  monoyalent  calio’ns' bv  the 
isolated  small  intestine  of  the  rat.  Am.  J.  Physiol.  799:898-90(5,  19(50 

^‘''*5:560-562,  1960.'""'""''"'  absorption.  Perspec'i.  Biol.  Med., 

Code  C.  F  ,  ’Bass,  P.,  McClary,  G.  B.,  Jr..  Newnum.  R.  1...  and  Orvis,  A  I  • 

.Absoiptmn  cjf  water,  sodium  and  potassium  in  small  intestine  of  dogs  Ain 
J.  Physiol.,  799:281-288,  I960. 


INTESTINAL  ABSORPTION 


154 

IS.  ( .olinlit'iin,  ().;  \cisiKlie  am  isolicilen  iil)cilfl)ciulen  Diinndaiin.  /tsdii.  liiol., 
5c9;l  19-432,  1899. 

19.  C.ohnhcim,  ().:  Dei  .Mechanismus  clci  Darmicsorjition  hei  den  Oclopoden. 

Ztschr.  physiol.  C:hem.,  .?5:416-118,  1902. 

20.  (.(Kiperstein,  I.  L.,  and  Brotknian,  .S.  K.;  The  electrical  potential  difference 

generated  by  the  large  intestine:  its  relation  to  electrolyte  and  water 
transfer.  J.  Clin.  Invest.,  45:435-112,  1959. 

21.  C.ooperstein,  I.  1..,  and  flogben,  C.  A.  .M.:  Ionic  transfer  across  the  isolated  frog 

large  intestine.  J.  Cen.  Physiol.,  72:401-473,  1959. 

22.  Ciiiran,  P.  C.:  Na,  Cl  and  water  transport  hv  rat  ileum  in  iiitro.  J.  Cen.  Physiol., 

74:1137-1148,1960. 

23.  C.urran,  P.  1-.,  and  Schwari/,  C.  F.:  Na,  C.l  and  water  iranspoit  1)\  rat  colon. 

J.  (ien.  Physiol.,  7h555-571,  1960. 

24.  Curran,  P.  F.,  and  Solomon,  A.  K.:  Ion  and  watei  Iluxes  in  the  ileum  of  rats. 

J.  (,en.  Physiol.,  7/:  143-168,  1957. 

25.  Curran,  P.  F.,  ^Vehster,  F.  \V’.,  and  Hovsepian,  J.  A.:  1  he  effect  of  X-irradiation 

on  sodium  and  water  transport  in  rat  ileum.  Radiation  Res.,  74:369-380,  1960. 

26.  D'.Vgostino,  A.,  Leadhetter,  W.  F.,  ami  Schwartz,  \V.  B.:  .-Mterations  in  the  ionic 

composition  of  isotonic  saline  solution  instilled  into  the  colon.  J.  Clin. 
Invest.,  42:444-448,  1953. 

27.  deBeer,  F.  J.,  Johnston,  C.  G.,  and  Wilson,  I).  ^V.:  I  he  composition  of  intestinal 

secretions.  J.  Biol.  Chem.,  705:1 13-120,  1935. 

28.  DeLuca,  H.  R.,  Gran,  F.  C'.,  and  Steenhock,  IF:  \'itanun  1)  and  citrate  oxitlation. 

J.  Biol.  Chem.,  227:201-208,  1956. 

29.  Dowdle,  F.  B.,  Schachter,  D.,  and  .Schenker,  H.:  .Active  transport  of  Fe59  by 

everted  segments  of  rat  duodenum.  Am.  J.  Physiol.,  705:609-613,  1960. 

30.  Drahkin,  1).  L.:  .Metabolism  of  the  hemin  chionioproteins.  Physiol.  Rev.,  47:345- 

431,  1951. 

31.  Fisher,  R.  B.:  I  he  absorption  of  water  and  of  some  non-electrolytes  from  the 

surviving  small  intestine  of  the  rat.  j.  Physiol.,  727:2I-22P,  1954. 

32.  Fisher,  R.  B.:  The  ab.sorption  of  water  and  of  some  small  solute  molecules  from 

the  isolateil  small  intestine  of  the  rat.  J.  Physiol.,  7?d:655-661,  1955. 

33.  Florey,  11.  Wright,  R.  1).,  and  Jennings,  .M.  ,A.:  1  he  secretions  of  the  intestine. 

Physiol.  Rev.,  27:. 36-69,  1941. 

34.  (.ershoff,  .S.  N.,  and  Hegsted,  1).  M.:  Flfect  of  vitamin  1)  and  C.a:P  ratios  on  chick 

gastrointestinal  tract.  .Am.  J.  Physiol.,  757:203-206,  1956. 

35.  (>old,schmidt,  .S.:  On  the  mechanism  of  absorption  from  the  intestine.  Physiol. 

Rev.,  7:421-453,  1921. 

36.  Goldschmidt,  S.,  and  Dayton,  A.  B.:  .Studies  in  the  mechanism  of  absorption  from 

the  intestine.  I.  I  he  colon.  .A  contribution  to  the  one-sided  permeability  of 
the  intestinal  wall  to  chlorides.  .Am.  J.  Physiol.,  75:419-432,  1919. 

37.  Goldschmirlt,  S.,  and  Dayton,  .A.  B.:  Studies  in  the  mechanism  of  absorption  from 

the  intestine.  II.  I  he  colon.  On  the  pa.s,sage  of  fluid  in  two  directions  through 

the  intestinal  wall.  .\m.  J.  Physiol.,  75:433-439,  1919. 

38.  Gold-schmidt,  S.,  and  Dayton,  B.:  Studies  in  the  mechanism  of  absorption  from 

the  intestine.  III.  I  he  colon.  I  he  osmotic  pressure  etjuilibrium  between  the 
intestinal  contents  aiul  the  blood.  .Am.  J.  Physiol.,  75:440-449,  1919. 

39.  (ioldschmidt,  S.,  and  Dayton,  .A.  B.:  Studies  in  the  mechatiism  of  absorption  from 

the  intestine.  IV.  I  he  colon.  1  he  behavior  of  sodium  ami  magnesium  sul 
phate  solutions.  .Am.  J.  Physiol.,  75:450-458,  1919. 

40.  Goldschmidt,  S.,  and  Dayton,  A.  B.:  Studies  in  the  mechanism  of  absorption  from 

(he  intestine.  \'.  I  he  colon.  I  he  effect  of  sodium  sulphate  upon  the  absorp 

tion  of  sodium  chloride  when  the  salts  are  introduced  simultaneously  into 
the  intestine.  .\m.  J.  Physiol.,  75:459-472,  1919. 

41.  Cdanitk,  S.:  Ferritin.  IX.  Increase  of  the  protein  apoferritin  in  the  gastrointestinal 

mucosa  as  a  direct  response  to  iron  feeding.  Flie  function  of  ferritin  in  the 
regulation  of  iron  absorption.  J.  Biol.  C.hem.,  767:737-7-16,  1946. 

42.  (doisser,  \'.  W.,  and  Farrai  ,  J.  I  .:  Absorption  of  radioactive  sodium  from  the 


FLUID  AND  ELECTROLYTES 


155 


intestinal  tract  of  man.  I.  Effect  of  intestinal  motility.  11.  Effect  of  an  organo- 
mercurial.  J.  Clin.  Invest.,  59:1607-1618,  1960. 

43.  Gubler,  C.  J.:  Absorption  and  metaboli.sm  of  iron.  .Science,  721:87-90,  19.'r6. 

44.  Hahn,  P.  F.,  Bale,  W.  F.,  Lawrence,  E.  O.,  and  Whipple,  G.  H.:  Radioactive  iron 

and  its  metabolism  in  anemia.  Its  absorption,  transportation,  and  utilization. 
J.  Exper.  Med.,  69:739-753,  1939. 

45.  Hahn,  P.  E.,  Bale,  W.  F.,  Ross,  J.  F.,  Balfour,  ^\’.  M.,  and  Whipple,  G.  IE:  Radio¬ 

active  iron  absorption  by  gastrointestinal  tract.  Influence  of  anemia,  anoxia, 
and  antecedent  feeding  distribution  in  growing  dogs.  J.  Exper.  Med.,  7^:169- 
188,  1943. 

46.  Harrison,  H.  E.,  and  Harri.sou,  H.  C.:  Fransfer  of  Ca^S  across  intestinal  wall 

in  vitro  in  relation  to  action  of  vitamin  I)  and  cortisol.  .\m.  J.  Physiol., 
799:265-271,  1960. 

47.  Harri.son,  H.  E.,  Harri.son,  H.  C.,  and  Stein,  E.  H.:  \'itamin  D  and  the  transfer 

of  Ca  across  the  intestinal  wall  in  vitro.  Fed.  Proc.,  79:419,  1960. 

48.  Heidenhain,  R.:  Neuc  Versuchc  id)er  die  .Aufsaugung  im  Diinndarm.  Arch.  ges. 

Physiol.,  56:579-631,  189‘4. 

49.  Higgins,  J.  .A.,  Cenie,  C.  F.,  and  Orvis,  .\.  L.:  The  influence  of  motilitv  on  the 

rate  of  absorption  of  sodium  and  water  from  the  small  intestine  of  healthy 
persons.  Gastroenterologv,  57:708-716,  1956. 

50.  Hindlc,  W and  ('.ode,  C.  F.:  \  contrast  of  absorption  in  the  duodenum  and  ileum. 

Phy.siologist,  •7:47,  1961. 

51.  Hogben,  C.  .\.  M.:  .\ctivc  transport  of  chloride  by  isolated  frog  gastric  epithelium. 

Origin  of  the  gastric  mucosal  potential.  Am.  J.  Phvsiol..  7<W:64 1-649,  1955. 

52.  Hogl)en,  G.  .A.  M.:  The  alimentary  tract.  Ann.  Rev.  Phvsiol..  22:381-406,  I960. 

53.  Ingraham,  R.  C.,  and  \'isscher,  M.  B.:  The  influence  of  various  poisons  on  the 

movement  of  chloride  against  concentration  gradients  from  intestine  to 
plasma.  .\m.  J.  Physiol.,  77-7:681-687,  1936. 

54.  Ingraham,  R.  C.,  and  Visscher,  M.  B.:  Further  studies  on  intestinal  absorption 

with  the  |)erfonnance  of  osmotic  work.  .Am.  J.  Physiol.,  727:771-785.  1938. 

55.  Jacobi.  H.,  Rummel.  AV.,  and  Pflcger,  K.:  Die  Beziehungen  zwischen  Phosphat 

durchtritt  und  (ducosere-sorption.  Arch,  exper.  Path.  u.  Pharmakol  '’17-404- 
413,  19.58. 


56.  Josephs,  H.  W.:  .Absorption  of  iron  as  a  problem  in  human  pbvsiologv  Blood 
7?:l-.54,  1958. 

56a.  Lee,  J.  .S.:  Flows  and  pressures  in  lymphatic  and  blood  vcs.sels  of  intestine  in 
water  ab.sorption.  Am.  J.  Phvsiol.,  299:979-983,  1961. 

Leich.senring,  J.  M..  Norris,  L.  M.,  and  Lami.son.  S.  A.:  Magnesium  metabolism 
in  college  women:  Observations  on  the  elfect  of  calcium  and  phosphorus  in¬ 
take  levels.  J.  Nutrition,  7  5:477-485,  1951. 

Lifson,  N.,  and'  Parsons,  I).  ,S.:  .Support  of  water  absorption  bv  rat  jeiunum 
in  vitro  by  glucose  in  serosal  fluid.  Proc.  Soc.  Exper.  Biol.  S:  Med..  95:532-.534 
1957.  . ‘  '  ’ 

McGee.  L.  C...  and  Hastings,  A.  B.:  Lbe  carbon  dioxide  tension  and  acid-base 
fialance  of  jejunal  secretions  in  man.  J.  Biol.  Cdiem.,  772:893-901,  1942 
Mcllardy,  G.  J.  R  and  Parsons.  1).  S.:  I  he  absorption  of  inorganic  phosphate 
from  the  small  intestine  of  the  rat.  Quart.  J.  Exper.  Physiol.,  77:398-409.  1956. 
cllardv.  (,.  J.  R.,  and  Parsons.  I).  S.:  I  he  absorption  of  water  and  salt  from  the 
small  intestine  of  the  rat.  Quart.  J.  Exper.  Phvsiol..  72:33-48,  1957 

Mellanby  E.:  The  rickets-producing  and  anti-calcifving  action’  oV  phvtate  I 
Phy.siol..  799:488-533.  1949.  1  nwaic.  j. 

Moore  C.  V.:  Ihe  importance  of  nutritional  factors  in  the  pathogenesis  of  iron- 
deficiency  anemia.  Am.  }.  Clin.  Nutrition.  5;3-10  1955 
M<K.rc,  C  V.,  Dulwh.  R,,  Minnirh.  V.,  .•„„i  Robes,  li.  K.:' Ahs„r,„i„„  „( 

"""  '’>•  subjects  and  by  ,l„gs.  j.  C:li„,  IttvesI,. 

Nidu.lavseii,  R.:  r„te,s,.clt,.nBc,i  ilbcr  die  Kalkatisstheidtti.E  l>ei  Hi.nilen  Fit, 

A,ch^.hvsi„,.,  iupp 


57. 


58 


.59. 


60 


61 


62 


63 


64. 


65 


156  INTESTINAL  ABSORPTION 

66.  Nicolaysfii,  R.;  The  absorption  of  calcium  as  a  function  of  tlie  body  saturation 

with  calcium.  .\cta  physiol,  scanditiav.,  ‘':200-211,  1913. 

67.  Nicolaysen,  R.:  Ibc  influence  of  vitamin  1)  on  the  ahsoiption  of  calcium  from 

the  intestine  of  rats.  .\cta  physiol,  scandinav.,  22:260-266,  19.51. 

68.  Nicolaysen,  R.,  and  f'.eg- Larsen,  N.:  The  hiochemistrv  and  physiology  of  vitamin 

I).  Vitamins  Jy  Hormones,  77:29-60,  1953. 

69.  Nicolaysen,  R.,  F.eg-I.arsen,  N.,  and  Malm,  ().  J.:  Physiology  of  calcium  metabo 

lism.  Physiol.  Rev.,  ??:  121-111,  1953. 

70.  Parsons,  D.  S.:  Ihe  ahsoiption  of  hicarhonate-saline  solutions  by  the  small 

intestine  and  colon  of  the  white  rat.  ()uart.  |.  Kxper.  Physiol.,  -77:110  120, 
1956. 

71.  Parsons,  D.  S.,  and  W  ingate,  1).  1..:  I  he  ellett  of  osmotic  gradients  on  fluid  trans¬ 

fer  across  rat  intestine  in  I'itrn.  Biochim.  et  hiophys.  acta,  /6: 170-183,  1961. 

72.  Pastan,  1.:  .\hsor|)tion  and  secretion  of  iodide  by  the  intestine  of  the  rat.  Kndoci  i 

nology,  67:93-97,  1957. 

73.  Pfleger,  R.,  Rummel,  W'.,  and  jacohi,  II.:  Phosphatdurchtritt  am  isolierten  Darm 

unter  Dinitrophenol  und  1  hyroxin.  Riochem.  Ztschr.,  >717:303-309,  1958. 

71.  Quastler,  H.:  The  nature  of  intestinal  radiation  death.  Radiation  Res.,  7:303-320, 
1956. 

75.  Rasmu.s.sen,  H.:  Ihe  influence  of  parathyioid  function  upon  the  transport  of 

calcium  in  isolated  sacs  of  rat  small  intestine.  I-'ndocrinology,  66:517-519.  1959. 

76.  Reid,  K.  W'.:  Pieliminary  rejvort  on  experiments  upon  intestinal  ah.sorption  with 

out  osmosis.  Brit.  M.  j.,  1133-1131,  1892. 

77.  Robinson,  C.  S.:  1  he  hydrogen  ion  concentration  of  the  contents  of  the  small 

intestine,  j.  Biol.  Lhem.,  76(9: 103- 108,  1935. 

78.  Robinson,  C.  S.,  I.uckey,  H..  and  Mills.  H.:  Factors  affecting  the  hydrogen  ion 

concentration  of  the  contents  of  the  small  intestine.  J.  Biol.  C'hem.,  777:175- 
181, 1913. 

79.  Schachter,  I).,  Dowdle,  F.  B.,  and  .Schenker,  IL:  .Active  transport  of  calcium  by  the 

small  intestine  of  the  rat.  .\m.  j.  Physiol.,  79.9:263-268,  I960. 

80.  Schachter,  I).,  Dowdle.  F.  B.,  and  .Schenker,  H.:  .Accumulation  of  Ca-i-'’  by  slices 

of  the  small  intestine.  Am.  J.  Physiol.,  79.9:275-279,  I960. 

81.  .Schachter,  D.,  and  Rosen,  S.  M.:  Active  transport  of  C.a^s  t)y  the  small  intestine 

and  its  dependence  on  vitamin  I).  Am.  J.  Physiol.,  796:357-362,  1959. 

82.  Scholer,  }.  F.,  and  Code,  (..  F.:  Rate  of  absorption  of  water  from  stomach  and 

smali  bowel  of  human  beings,  (iastroenterologv ,  27:565-577,  1951. 

83.  Smith,  M.  1).,  and  Pannacciulli,  I.  M.:  .Ah.sor|)tion  of  inorganic  iron  from  graded 

doses:  its  significance  in  relation  to  iron  ahsoiption  tests  and  the  “mucosal 
block”  theory.  Brit.  J.  Haematol.,  1.,  7:128-131,  19.58. 

81.  Smyth,  D.  H..  and  I  avior,  C..  B.:  I  rans|)ort  of  water  and  other  substances  through 
the  intestinal  wali.  J.  Physiol..  726: 12P,  1951. 

85.  Smyth.  1).  H.,  and  I  avior,  C.  B.:  I  he  inhibition  of  water  transport  in  the 

in  vitro  intestinal  preparation,  j.  Physiol.,  72.9:81  82P,  1955. 

86.  Smyth,  I).  IL.  and  I  avior,  C.  B.:  I  ransfer  of  water  and  solutes  by  an  in  i-i/ro 

intestinal  |)re|)arat ion.  J.  Physiol.,  716:632-618,  1957. 

87.  Tidball,  C.  S.:  Active  chloride  transport  during  intestinal  secretion.  .Am.  J.  Physiol., 

20(7:.309-312.  1961. 

88.  I’llmann,  I.  I).,  Dikstein,  S.,  Bergmann,  F.,  and  Birnhaum,  I).:  .Absorption  of 

iso-,  hypo-  and  hypertonic  solutions  from  small  intestine  of  cats.  .Am.  [. 
Physiol.,  79.9:1319  1322.  1960. 

89.  Lssing,  H.  IL:  Ihe  distinction  by  means  of  tracers  between  active  transport 

and  diffusion.  .Acta  physiol,  scandinav.,  79:13-56,  1919. 

90.  r.ssing,  H.  IL,  and  .Andersen,  B.:  The  relation  between  .solvent  drag  and  active 

transport  of  ions.  Ahst.  3rd  Intermit.  Cong.  Biochem.,  Brussels,  1955.  |).  131. 

91.  Lssing.  H.  11. ,  and  /erahn,  K.:  Active  transport  of  sodium  as  the  source  of  electric 

curreiit  in  the  short-eiK  uited  isolated  frog  skin.  Acta  |)hvsiol.  scandinav  .. 
21:1 10  127.  1951. 

92.  A  iss<  her,  M.  B.:  F.let  trolyte  and  water  movement  a<  ross  the  intestinal  wall.  Ann. 

New  Aork  Acad.  .Sc.,  '>7:291  297.  19.53. 


FLUID  AND  ELECTROLYTES 


157 


1»3.  \  isscliei,  M.  IL,  l  etdicr,  K.  S.,  Jr.,  (Ian,  Cl.  \\  .,  (.icgor,  H.  I'.,  Iluslicy,  M.  S.,  and 
Haiker,  1).  K.;  Isotopit  tracer  studies  on  tlie  ino\enient  of  water  and  ions  be¬ 
tween  intestinal  Inmen  and  blood.  .\ni.  J.  I’hvsiol.,  N2::r}0  bli),  19M. 

91.  X'issther,  .M.  IL,  and  Roepke,  R.  R.:  Osmotic  and  electiolyte  concentration 
relationships  dining  alisorption  of  salt  solutions  from  ileal  segments.  .\m.  J. 
rhysiol.,  y-Z-Zi  lGH- 17<),  191.'). 

9.5.  \isst  her,  .\I.  IL,  Roepke,  R.  R.,  and  l.ifson,  N.:  Osmotic  and  cdec  trolytc’  conccn- 
tiation  relationships  dining  the  ab.soiption  of  autogenous  serum  fiom  ileal 
segments.  .\m.  J.  Physiol.,  157-l()3,  1915. 

9<i.  \  i.s.scher,  M.  H.,  \  artc),  R.  H.,  Carr,  C.  W’.,  Dean,  R.  11.,  and  Krickson,  1).:  .Sodium 
ion  movement  between  the  intestinal  Inmen  and  the  blood.  .Am.  J.  Physiol., 
y-//:-188-.505,  191-1. 

97.  \oit,  C;.,  and  llaner,  J.:  I’eber  die  .\nf.sangnng  im  Dick-  nnd  Diinndai me. 

Ztschr.  lliol.,  5:5.3()-57(),  18G9. 

98.  W  asserman,  R.  H.:  Metabolic  basis  of  calc  ium  and  strontium  disci  imination; 

studies  with  surviving  intestinal  segments.  Proc.  .Sot.  Kxjier.  lliol  S:  Med 
1960. 

99.  Williams,  G.  A.,  Ilowser,  E.  N.,  Henderson,  W'.  J.,  and  I'/giries,  \’.:  Effects  of 

vitamin  1)  and  coi  tisone  on  intestinal  absorption  of  calcium  in  the  rat.  Proc. 
Soc.  Exper.  lliol.  .S:  Med.,  7(18:664-666,  1961. 

100.  Wilson,  T .  H.:  Cloncentration  gradients  of  lactate,  hydrogen,  and  some  other  ions 

across  the  intestine  ni  vitro.  Biochem.  J.,  56:521-527,  1954. 

101.  Wilson,  T.  H.:  Eluid  movement  acro.ss  the  wall  of  the  small  intestine  in  vitro 

Am.  j.  Physiol.,  787:244-246,  1956. 

102.  Wd.son,  T.  H..  and  Kazyak,  L.:  Aciti-fiase  changes  across  the  wall  of  hamster  and 

rat  intestine.  Biochim.  et  biophys.  acta.  27:124-132,  1957. 

103.  \Vilson,  T.  H.,  and  Strauss,  E.  W.:  I'npiiblished  observations. 


CHAPTER 


Triglycerides 


C)1  the  many  i\ pes  ol  lipid  sidjstanccs  in  tlie  diet  the  irii»lycer- 
ide  is  cjiiantitatixely  most  important.  .Animal  tat  contains  a  large  jjiopoi- 
tion  ot  saturated  tatty  acids;  steal  ic  (C-18),  palmitic  (C^-K))  and  the  nn- 
sattiratecl  (C-18)  tatty  acid,  oteic  acid.  Only  in  butterfat  are  appreciatile 
amounts  of  sltort  chain  fatty  acids  found.  In  addition,  animal  and  plant 
sources  contain  a  very  wide  variety  of  other  fatty  acids  with  dillerent 
degrees  of  unsaturation. 

Cirtuallv  all  of  these  naturallv  occurring  fats  and  oils  are  absorbed 
and  ntili/ed  by  man  and  other  animals.  There  is,  however,  variation  in 
the  extent  to  which  animals  alisorb  dillerent  tats.  Ricinoleic  acid,  lor 
example,  the  hydroxy  mono-nnsaturated  fatty  acid  found  in  castor  oil, 
is  poorly  alisorbed  in  man  but  extensively  alisorbed  and  metabolized  in 
rats.  I  he  digestitjility  ol  the  clitferent  lijiids  in  a  vai  iety  ot  animals  has 
been  reviewed  l>y  Deuel. 


SITE  OF  AliSORPTlON 

Opinion  clitlers  as  to  the  normal  site  ol  lat  absorption  and  the 
section  ot  the  gastrointestinal  tract  with  the  greater  capacity.  Cnfor- 
tnnately  much  ot  the  data  are  ambiguous.  Kremmer,  Tinner,  and  Nelsoid"'^ 
found  that  resec  tion  ol  the  inoximal  intestine  caused  less  of  a  defect  in  fat 
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absorjition  than  rcino\aI  of  distal  ret^ions  and  concluded  that  the  ileum 
was  the  site  of  absorj->tion  in  the  dog.  .Anatomical  and  functional  changes 
are  so  marked  following  resections  of  the  gut  that  such  evidence  is  not 
altogether  conclusive.  In  two  laboratories  the  radioactivity  in  the  gut 
wall  after  feeding  P'^^-triglycerides  was  measured  and  somewhat  conflict¬ 
ing  residts  were  obtained,  rurner^'^'^'  found  duodenum  and  jejunum 
most  radioactive  whole  lienson  et  al.^^  found  the  midgut  most  radioactive. 
Such  studies  do  not  measure  intestinal  absorption  of  fat  directly  but 
rather  residual  radioactivity  in  the  mucosa. 

A  more  direct  aj)j)roach  to  the  tjuestion  of  the  site  of  lipid  abscmption 
in  man  was  made  by  Borgstrbm,  Dahlqvist,  I.undh,  and  Sjbvall.'^^  They 
fed  a  measured  cjuantity  of  lipid  in  a  meal  containing  a  nonabsorbable 
marker  substance  (polyethyleneglycol)  and  sampled  intestinal  contents 
at  dilTerent  levels  of  the  intestine.  They  found  a  remarkably  rapid  absorp¬ 
tion  of  lijhtl  in  the  last  portion  of  the  duodentim  and  the  proximal  por¬ 
tion  of  the  jejunum  (Figure  74).  Virtually  all  of  the  lipid  had  been 
absorbed  at  the  level  of  the  proximal  ileum.  This  study  gives  a  clear 
answer  to  the  (juestion  of  the  normal  site  of  absorption  in  man. 

Johnston*^'^  tound  that  the  pro.ximal  jejunum  was  10  to  20  times  more 
active  than  the  low  ileum  in  the  intracellular  conversion  of  C2'*-pahnitate 
to  triglyceride  in  everted  sacs  of  hamster  intestine.  Similarly,  Dawson  and 
Isselbacher'^2  found  the  jejunum  of  both  the  rat  and  human  considerably 
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Figure  75.  C’.onversion  of  fatty  acid  to  triglyceride  in  different  locations  of  the 
human  intestine.  Incorporation  of  Cd^-palmitic  acid  into  glyceride  by  homogenates  of 
intestinal  tissue  was  measured.  (Dawson  and  Isselhacher,  J.  Clin.  Invest.,  59,  IWO.) 


more  active  than  tlie  ileum  or  colon  in  the  coinersion  of  fatty  acid  to 
triglyceride  in  homogenates  of  mucosa  (Figtire  7.5).  d'aken  together,  the 
evidence  suggests  that  the  iijiper  small  intestine  is  the  main  site  of  fat 
absorj)tion  and  jxissesses  the  greatest  capacity  for  triglyceride  synthesis 
from  fatty  acids. 


DIGESTION  IN  THE  INTESTINAL  LUMEN 
Role  of  Lipase 

The  imjtortance  ol  jxtmreatic  en/ymes  has  been  known  since  the 
classical  obserxations  ol  Glaude  P>ernard.’'  In  18,56  he  noted  that,  follow¬ 
ing  lipid  feeding  in  the  rabbit,  cloudy  lymphatics  appeared  in  the  duo¬ 
denum  .SO  to  10  cm.  below  the  entrance  of  the  bile  duct  and  immediately 
distal  to  the  entrance  of  the  pancreatic  duct  (Figure  76).  Fhis  simple 
btit  elegant  experiment  suggested  the  presence  ol  some  sidvstance  in 
pancreatic  juice  essential  lor  fat  absorption. 

Pancreatic  lipase  is  aj^parently  the  most  important  enzyme  in  the 
digestion  of  lipid.  In  the  stomach  there  is  a  rather  weak  lipase  which,  at 
least  in  man,  acts  mainly  on  tributyrin,  having  little  effect  on  glycerides 
of  long-chain  fatty  acids.*'’'*  small  amotint  of  gastric  digestion  of 
triglycerides  in  vwo  (usually  less  than  10  per  cent  liberation  of  fattv 
acids)  has  been  reported  both  in  the  rat*’*’  and  in  man.^’’  In  oidy  a  single 
case-hydrolysis  of  lard  in  the  rat*’'’-has  extetisive  hydrolysis  in  the  stom- 
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atli  been  lepoiiecl.  In  all  in  vivo  experiiiients,  especially  the  last  one,'*® 
it  is  (.liflicnlt  to  exclude  the  possibility  ol  reflux  ol  pancreatic  juice  into 
the  stomach,  turther  studies  including  isolation  and  jnirirication  ol  gas¬ 
tric  lipase  are  retpiired  to  settle  this  cpiestion. 

Recent  evidence*'”’ suggests  that  the  small  intestine  jiossesses  a 
lipase,  distinct  trom  pancreatic  lipase,  which  may  have  an  imj^ortant 
].)hysiological  lunction  in  hit  digestion.  DiXella,  Meng,  and  Park®®  state 
that,  although  the  lipase  acti\  ity  per  gram  ol  small  intestine  is  only  about 
5  jjer  cent  that  ol  the  pancreas,  the  large  cjuantity  ol  intestinal  tissue 
may  provide  a  significant  total  cpiantity  ol  the  enzyme.  They  lurther 
suggest  that  the  hit  digestion  and  absc^rption  seen  in  the  absence  ol 
jjancreatic  lipase  may  be  largely  clue  to  intestinal  lipase.  I'idwell  and 
Johnston*'**  have  louncl  that  exerted  sacs  ol  hamster  intestine  liberate 
a  lipase  into  the  incubation  medium  which  apjjears  to  show  sjjecificity  tor 
monoglycerides.  hhe  physiological  role  ol  this  enzyme  is  at  jiresent 
under  investigation. 

'hhe  lack  ol  either  pancreatic  lipase  or  bile  salts  produces  a  prolound 
delect  in  the  intestinal  absorption  ol  lijiids.  An  early  experiment  pub¬ 
lished  by  V'^erzar*^®  illustrates  the  eflect  ol  lipase  and  bile  on  olive  oil 
absorption  in  the  dog.  Fat  was  administered  with  and  xvithout  lipase 
(and/or  bile  salts)  intcj  a  tied  segment  ol  clog  intestine,  .\tter  21  hours 
the  extent  ol  hit  absorption  was  estimated  (see  d  able  ;17).  In  these 
experiments  no  olive  oil  absorjition  occurred  in  the  absence  ol  lipase. 
Loss  ol  jiancreatic  secretions,  either  by  jxincreatectomy®''*’ *'*®’ or  by 
external  pancreatic  fistula®®  results  in  jioor  absorjition  ol  hit.  C-offey, 
Mann,  and  Bollman,®®  lor  exam|)le,  found  that  with  either  technicpie 


Tal)le  37.  Effect  of  Bile  Salts  and  Lifase  o.n  Fat  .Absorptio.n 


DOG 

NO. 

IN  JECTED  INTO  INTESTINE 

RECOVERED  FROM 

AFTER  24  HRS 

NEUTRAL 

FAT 

INTESTINE 

(CM.) 

FATTY 

ACIDS 

a. 

5.G.5  gm.  olive  oil  in  water  emulsified 
with  soap 

5.50 

0.05 

b. 

.5.3,5  gm.  olive  oil  in  water 
-j-  5  ml.  lipase 

3.08 

2.34 

c. 

5.27  gm.  olive  oil  in  water 
-)-  20%  taurocholate 

5.08 

0.06 

d. 

5.52  gm.  olive  oil  in  water 

5  ml.  lipase 
-p  20%  taurocholate 

0.98 

0.43 

Dogs  iincstlicti/c(l  with  chloralose,  common  liile  duct  tied,  gut  waslieti  out.  ileum 
tied  at  ileo  cetal  valve  and  gut  filled  with  solution  given  in  table,  \fter  21  his.  animals 


were  killed  and  contents  of  gut  washed  out  and  analy/ed. 
I  aken  from  \'crz;ir:  Frgehn.  I’hysiol..  72:447.  1931. 
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Table  38.  Effect  of  Loss  of  Bile  and  Combined  Loss  of  Bile  and  l’ANf:RFA  ric 
Secretions  on  Liimd  Absorption  in  the  Rat 


diet 

type  oe  animal 

TOTAL  FATTY  ACIDS 

IN  THORACIC  DUCT 
(MG.) 

Fat  free 

Normal 

118 

Bile  fistula 

8.5 

Duodenal  drainage* 

8.0 

Lorn  oil 

Normal 

447 

(0.6  ml./rat) 

Bile  fistula 

55 

Duodenal  drainage* 

7.6 

Oleic  acid 

Normal 

398 

(0.55  ml./rat) 

Bile  fistula 

165 

Duodenal  drainage* 

40 

•Duodenal  drainage  prevented  either  bile  or  pancreatic  juice  from  entering  the  small 
intestine.  These  animals  were  fed  via  duodenal  tube.  All  other  animals  rvere  fed  by 
stomach  tube.  Taken  from  Kim  and  Bollman,  A.M.A.  .Arch.  Surg.,  (59:247,  19.54. 


one  half  to  three  quarters  of  the  fat  in  the  diet  was  excreted  in  the  feces. 
Studies  of  Kim  and  Bollman^®^  suggest  that  a  combined  loss 

of  pancreatic  juice  and  bile  produces  a  greater  defect  in  lipid  absorption 
than  does  the  loss  of  bile  alone  (see  Table  38). 

Most  workers  agree  that  loss  of  pancreatic  function  in  man  results 
in  considerable  steatorrhea.  In  human  subjects  it  is  often  so  difficult  to 
assess  the  extent  of  pancreatic  insufficiency  that  some  patients,  presumed 
to  have  lost  com])letely  the  pancreatic  function,  actually  retain  a  moder¬ 
ate  amount  of  lipase  and  show  no  defect  in  fat  absorption.  In  cases 
where  extreme  care  was  taken  to  assay  duodenal  washings  for  the  pres¬ 
ence  of  lipase,  good  correlation  was  obtained  between  fat  absorption  and 
the  presence  of  the  enzyme.  Beazell,  Schmidt,  and  Ivy^o  studied  four  pa¬ 
tients  with  loss  of  pancreatic  acinar  function  due  to  chronic  pancreatitis 
and  found  no  pancreatic  enzymes  in  the  duodenum.  7'able  39  show’s  that 
during  a  four-day  jTeriod  on  a  diet  of  1 1.2  gm.  fat  the  daily  fecal  excretion 
w^as  10  to  84  per  cent,  while  the  same  group  fed  pancreatin  excreted 


Eable  39.  Intestinal  .Absorption  of  Lipid  in  the  .Absence  of 
Pancre.\tic  Lipase  (Human  Subjects) 


patient  no. 

1 

2 

3 

4 


fat  lost  in  feces  (per  cent  oe  ingested  fat) 

NO  ADDITIONS  PANCREATIN 


40 

84 

76 

66 


25 

19 

29 

24 


Normal  fat  excretion  is  about  7  per  cent  of  intake.  Each 

sents  a  four-day  collection  period.  Taken  from  Beazell  Sch 
//<>:  27.35,  1941. 


number  in  the  talile  repre- 
midt,  and  Ivv:  J.  .\.  M.  A., 
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Figure  77.  Hydrolysis  of  tiigl)cerides  by  pancreatic  lipase.  (Modified  from  Borg 
Strom:  In  Chemistry  of  I.ipides  as  Related  to  .\therosclerosis,  Clliarles  C:  I  liomas.) 

19  to  29  per  rent.  Similar  results  were  obtained  by  others  following; 
resection  of  the  j^ancreas."*^’ 

Pancreatic  lijiase  in  vivo  hydroly/es  triglycerides  in  a  stepwise  fashion 
to  diglyceride,  monoglyceride,  anti  finally  to  glycerol  and  free  fatty 
acitl,-*' and  all  steps  except  the  final  one  are  reversible.*’ I'his  lij)ase 
does  not  hydrolyze  the  ester  bonds  of  the  triglyceride  in  a  random  man¬ 
ner  hilt  attacks  the  fatty  acid  attached  to  the  «  hydroxyl  group  of  gly¬ 
cerol.*'*’^**’'*"  Figure  77  shows  the  course  of  this  hydrolysis.  Mattson  and 
Reck**"  ha\e  shown  that  the  2-monoglyceride  (^-glyceride)  predominated 
in  the  products  of  hydrolysis  but  the  1-monoglyceride  is  also  j)resent  in 
considerable  amounts.  It  is  not  certain  whether  the  enzyme  has  an  ab¬ 
solute  specificity  for  the  1  and  3  jiositions  (in  which  case  the  2-mono¬ 
glyceride  must  be  isomerized  to  the  1  [position),  or  whether  the  2  position 
of  a  diglyceride  may  be  attacked.  During  hydrolysis  of  triglycerides  by 
rat  pancreatic  lipase,  addeil  radioactive  fatty  acids  exchange  with  fatty 
acids  in  the  1  and  8  jjositions  of  tlie  triglyceride"**  indicating  rexersibility 
of  at  least  the  first  reactions  shown  in  Figure  77.  Furthermore,  when 
radioactive  oleic  acid  was  incubated  xvith  1,  2-diolein,  radioactive  triolein 
was  isolated.  In  addition,  there  is  a  preference  for  nnsatnrated  fatty  acids 
during  hydrolysis.**"  4'he  final  step  of  monoglyceride  conversion  to  free 
glycerol  and  fatty  acid  is  jdiysiologically  irreversible  as  the  glycerol  is 
greatly  diluted  in  the  a(|neons  phase  and  then  absorbed.  Labeled  glycerol 
fed  with  fatty  acids  does  not  result  in  glycerides  containing  tlie  labeled 
glycerol.®- 

Rarnovsky  and  W'olff*""  have  tested  the  possibility  that  lipases  might 
cleave  symmetrical  triglycerides  stereospecifically  to  yield  i)-rt./Ldigly- 
cerides.  Under  the  conditions  of  their  experiments  no  such  specificity 
could  be  demonstrated. 

Fhe  s}>ecificity  of  j)ancreatic  lipase  was  studied  by  Balls  and  Mat- 
lack,"  who  found  that  single  or  double  methyl  snbstitntions  on  the  a  car¬ 
bon  atom  of  the  alcohol  in  the  ester  prevented  hydrolysis,  whereas  beta  or 
gamma  snbstitntions  caused  no  effect.  'Fryding*'*^  has  recently  found  that 
methyl  substitution  on  tbe  a  and  /i  carbon  of  the  acid  icdnted  the  velot  itx 
of  hvdrolysis.  For  further  details  on  this  enzyme  see  reviews  by  Ammon 
and  faarma^  and  Desnnelle."* 
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Effect  of  Bile  in  Fat  Absorption 

It  has  been  known  since  1890'i5  ]f  presented  from  enter¬ 

ing  the  small  intestine  fat  in  the  stool  is  increased.  In  rats  there  is  a 
severe  delect  in  triglyceride  absorjjtion  in  the  absence  of  bile.^*’ 
Bernhard  and  RitzeP®  found  only  7  to  21  per  cent  absorj)tion  of  denter- 
ated  fat  fed  to  bile  fistula  rats.  In  the  dog  there  is  a  definite  impairment 
of  fat  absorption  without  147.  m  ^5  extreme  as  in 

the  case  ol  the  rat.  (Considerable  (juantities  of  fatty  acids  can  be  absorbed 
in  the  abseme  of  bile,*^'’  which  perhaps  suggests  a  somewhat  different 
mode  of  absorjjtion.  In  bile  fistula  rats  fed  palmitic  acid-C2^,  only  about 
one  fourth  ol  the  absorbed  fatty  acids  ajjpeared  in  the  chyle  in  compari¬ 
son  with  oxer  90  j^er  cent  in  the  normal  animal.  Bile  and  sodium 
taurocholate  enhance  the  absorj)tion  of  sodium  oleate  from  loops  of 
dog  intestine  in  xnvoS^^-  Pessoa,  Kim,  and  Ivy^^^  found  only  a  moderate 
delect  in  the  fistula  animals  when  they  were  fed  corn  oil  or  oleic  acid 
but  a  sexere  loss  of  absorptixe  capacity  xvhen  lard  xvas  fed.  T  he  results 
in  animals  haxe  been  confirmed  in  man  by  Shapiro  et  al.’’^^  An  inter¬ 
esting  human  sid)ject  xvith  a  congenital  absence  of  bile  salts  has  been 
lepoited  by  Ross  et  al.^-'  As  shoxvn  in  figure  78,  fecal  loss  can  be  mini- 
mi/ed  by  feeding  bile  by  mouth. 

Extent  of  Hydrolysis 

Knowledge  of  the  extent  of  hydrolysis  of  triglycerides  in  the  lumen 
ol  the  intestine  j^iioi  to  absorption  is  of  extreme  imjiortance  in  elucidat- 
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ing  the  inecltanisni  of  iransjjoi  t  across  ilie  ej)ithelial  cell.  The  cloiiiinant 
view  for  many  years  was  that  proposed  Ijy  Plliiger  in  190()i-“-‘22  that  com¬ 
plete  hydrolysis  of  triglycerides  occurretl  prior  to  absorption,  d  his  was 
hrst  seriously  challenged  by  Frazer,  who  presented  evidence  for  only 
[)artial  hydrolysis  in  the  intestinal  lumen."'’ 

In  recent  years  somewhat  more  direct  experiments  have  been  j:)ossiblc 
with  the  use  of  isotojK's.  d'hc  results  are  so  important  that  a  brief  con¬ 
sideration  of  the  assumptiiiiis  and  experimental  method  are  in  order, 
d  he  first  and  most  important  assumjition  is  that  free  glycerol  liberated 
by  complete  hydrolysis  of  triglyceride  in  the  intestinal  lumen  or  epithelial 
cell  cannot  be  reutilized  for  triglyceride  synthesis  in  the  intestine,  d  in's 
assumption  was  j)ro\en  to  be  correct  by  two  types  of  evidence.  First, 
labeled  glycerol  in  the  lumen  jjIus  fatty  acids  or  triglycerides  does  tiot 
give  rise  to  labeled  triglycerides  in  the  chyle  or  intestinal  wall.^'’’ 

.52,  79,  113,  80  Second,  the  intestine  does  not  contain  a  glycerokinase'’®’ 
(glyceride  glycerol  apparetitly  comes  from  glycolysis'^^’ .Vn  experiment 
performed  by  a  number  of  workers'^'^’ was  to  feed  a  triglyceride 
with  glycerol  labeled  in  one  fashion  and  the  fatty  acids  labeled  in 
another.  Figure  79  shows  a  number  of  possible  exjierimental  results 
(assuming  no  utilization  of  free  glycerol).  Complete  hydrolysis  would 
lead  to  the  loss  of  all  of  the  glycerol,  and  the  triglyceride  isolated  from 
the  lymph  would  contain  none  of  the  labeled  glycerol.  With  no  hydrolysis, 
the  ratio  of  labeled  glycerol  to  fatty  acids  would  be  the  same  in  the 
‘^Ivcerides  of  the  chvie  as  in  that  initiallv  administered.  Partial  hydrolysis 


GUT  LUMEN 


LYMPH 


(fotty  ocid) 


(glycerol-C*) 


I  NO  LABEL 


rriMDi  FTP  wvnpni 


I  NO  LABEL 


NO  HYDROLYSIS 

ALL  LABEL 

RETAINED 

50%  HYDROLYSIS 

50%  LABEL 

RETAINED 

Figure  79.  Possible  kites  of  f^lvrei  idc  ghet  rol  during  absorjitioii.  (.Ivccrol 
plus  fatty  arid  does  not  give  rise  to  labeled  triglyceride  in  the  Ivinpb.  I  bree  possible 
(onserpieiues  of  feeding  triglvceridi-  containing  glv( crol  (.•  t  are  shown. 
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vvouid  lesull  in  jiai  tial  loss  of  the  glycerol.  Four  groujjs  of  workers^^^* 

4c,  25  iiave  jjcrfonned  this  exjx'iiinent  and  ha\'e  lound  25  to  GO  per  cent 
complete  hydrolysis  of  triglyceride  molecules. 

I  he  labeling  e.xperiments  described  above,  while  jjroviding  data  on 
the  extent  of  comjjlete  hydrolysis,  do  not  shed  liglit  on  the  chemical  lorni 
of  the  glycerides  that  enter  the  cell  (whether  tri-,  di-,  or  monogiyceride). 
1  here  is  evidence,  howexer,  that  a  considerable  (juantity  of  mono- 
glycei'ide  is  formed. A  study  of  Blankenhorn  and  .Ahrens^® 
indicates  that  following  triolein  ingestion  in  man  the  comjjosition  of 
intestinal  lipids  was  as  follows:  58  to  GO  j^er  cent  fatty  acid,  1.^  to  17  jiei 
cent  monogiyceride,  G  to  0  jjercent  tliglyceride  and  4  to  G  pet  cent 
triglyceritle. 

.After  feeding  doubly  labeled  glycerides  Reiser  et  al.^^s  Kiom- 
strand  et  al.-®  obtained  evidence  of  monogiyceride  absorption.  Also, 
Skijjski  et  al.^^^  lound  that  intestinal  tissue  contains  monogiyceride  and 
concluded  that  considerably  intact  monogiyceride  is  absorbed.  Tidwell 
and  johnstoid^i  reinvestigated  this  problem  with  isolated  tissues.  Exerted 
intestinal  sacs  of  hamsters  and  weanling  rats  did  not  absorb  diglycerides 
or  triglycerides  under  conditions  where  monoglycerides  were  absorbed. 

It  is  concluded  from  the  above  discussion  that  a  considerable  fraction 
of  triglyceride  is  completely  hydrolyzed  to  fatty  acid  and  that  most  of 
the  remaining  fraction  is  partially  hydrolyzed,  llie  fact  that  appreciable 
cjuantities  of  monogiyceride  are  fcmnd  in  the  lumen  and  that  it  is  readily 
absorbed  suggests  that  a  major  portion  of  ingested  triglyceride  is  ab¬ 
sorbed  in  the  form  of  monogiyceride.  Making  this  assumption  and  using 
estimates  of  complete  hydrolysis  it  is  jiossible  to  calculate  the  fraction 
of  total  glyceride-fatty  acids  liberated  in  the  lumen  during  digestion. 
Such  a  calculation  (Table  40)  indicates  that  75  per  cent  of  the  fatty 
acids  are  released  in  the  intestinal  lumen. 


Tal)le  40. 

1.  .Assume: 

2.  Assume; 


CAr.c:ui.ATioN  OF  HIE  Fraction  of  Fotai,  Faitv  Acids  Libfrated 

FROM  FrICLVCERIDE  IN  THE  1n  TES  TINE 

25  |)er  cent  of  triglycerides  completely  hydrolyzed 

(conservative  estimate) 

TRICI  VCERIDF.  - ^  FATrY  ACID  -f-  CI.VCFROC 


Remamiiig  triglyceride  completely  converted  to  monogiyceride 
(no  quantitative  data  available) 

IRK.I  X  CFRIDF.  - >  FATTY  ACID  -|-  MONOGLYCERIDE 

50  per  cent  of  original  fatty  acids  liberated  by  this  reaction 

75  per  cent  of  total  fattv  acids  liberated  ^assuming  1  and  2) 


Origin  of  Fecal  Fat 


All  animals  excrete  lal  in  thei,  leccs  even  when  no  lat  has  been 
taken  tn  the  tliet.  In  man  this  amonnts  to  abont  2  stn.  pet  clay,  rhe  origin 
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<)t  this  lipid  is  in  doubt  and  consitk“ral>le  coiukjncisv  lias  existed  over 
this  (juestion.  Kergstriiin  and  IJorgstibni*^  have  recently  reviewed  this 
(juestion  and  find  that  the  two  main  views  on  the  origin  ot  lecal  lat  are; 
(1)  nonabsorbed  dietary  lat  and  (2)  bacterial  synthesis.  I  hev  oiler  evi¬ 
dence  that  the  first  is  the  case  in  man  (although  the  ojiinion  is  by  no  means 
unanimous**'),  while  many  workers  lavor  the  second  hypothesis  for  other 
animals.  1  he  bile  ajiparently  contributes  little  to  lecal  fat  as  bile  fistula 
animals  ahvays  e.xcrete  considerably  more,  rather  than  less,  lipid.''*® 

In  an  attempt  to  explain  this  last  obser\ation  another  hypothesis  has 
been  advanced  lor  the  oiigin  of  lecal  lat.  .Kccoixling  to  this  yieyv  the 
major  jiortion  of  eiulogenous  lat  is  deriyed  Irom  descjuamated  epithelium 
of  the  (i.l.  tract.  I  his  lat,  like  that  ol  tlietary  origin,  must  be  emulsified 
by  bile  salts,  hydroly/ed  by  lipase,  and  absorbed  into  the  lymphatics.  If 
either  bile,  salts  or  lij>ase  is  missing,  fat  in  the  stool  shoukl  increase 
during  a  fast.  Kim  and  Hollman*®-  found  that  1  18  mg.  of  fat  appeared 
in  the  lymph  of  a  normal  fasted  animal  in  a  24  houi'  periixl  yvhile  a 
similar  animal  yvith  a  biliary  fistida  had  oidy  8.5  mg.  in  the  chyle.  I  his 
confirmed  the  previous  obsery atii^ns  in  dogs  that  bile  fistula  animals 
excreted  more  lipitl  in  the  stool  than  normal  dogs."*®’  Sperry  and 
Kngevine'^®  calcidated  that  252  mg.  of  total  lipid  were  jjiesent  in  the 
entire  intestinal  mucosa  per  kg.  of  dog.  .According  to  I.eblond  and 
Stevens'®'^  about  6()  per  cent  of  the  entire  small  epithelium  of  the  rat  is 
destjuamated  per  day.  If  this  data  is  applicable  to  the  dog,  Hiti  mg.  lipid 
yvould  be  excreted  by  this  means  per  kg.  per  day.  I'liis  agrees  yvell  yvith 
142  mg.  of  lipid  excreted  in  the  bile  fistula  dog.  Pessoa,  Kim,  and  Ivy"® 
conclude  that  des(|uamated  epithelial  cells  constitute  the  majcji  source 
of  fecal  fat. 

The  primary  function  of  bile  is  presumably  the  emulsification  of  fat 
into  clroj^lets  small  enough  to  make  adecpiate  contact  yvith  lipase.  “Solu- 
bili/ation”  of  complex  mixtures  of  fatty  acids  and  glycerides  to  molecidar 
dimensic^ns  may  also  be  yery  imjiortani  for  absoi  ptic^n  (see  rey  ieyv  by 
Borgsirbnd'*). 


metabolic:  alterations  within  the  epithelial  c  ell 

Eate  of  .Absorbed  Fatty  Acids 

It  has  been  known  since  1884"*  that  fatty  acids  led  to  animals  aj)- 
pearecl  in  the  thorac  ic  duct  as  ti  iglyceride.  Sinclaii-."*'*  in  one  of  the  first 
labeled  experiments,  fed  elaidic  acid  and  isolated  Irom  the  lymph  a 
triglvceride  containing  this  unsaturated  acid.  I  he  introduction  by  Boll- 
man,  Cain,  and  (.rindlay"  ol  methcKls  lor  the  collection  ol  thoracic  duct 
lymph  in  the  unanestheti/ed  rat,  and  the  ayailability  of  ladioactiye  iso- 
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CHAIN  LENGTH  OF  FATTY  ACID 
(Number  of  carbon  otoms) 

Figure  SO.  Effect  of  cliain  length  on  tlie  route  of  absorption  of  fatty  acids.  (Drawn 
from  the  data  of  Bloom  et  ah;  Am.  J.  Phy.siol.,  J66:45\,  1931;  and  Bloom  et  ah:  }.  Biol 
Chem.,  1S4:\,  1950.) 


topes  stimulated  renewed  interest  in  tlie  cjuestion  oi  fatty  acid  absorption. 
In  1950  Bloom  et  al.^o  Ci^-palmitic  acid  to  rats  and  recovered  70  to 
92  ])ei  cent  of  the  absorbed  acid  in  the  lymphatics.  In  the  same  year 
Bergstrom  et  al.i^  fed  C9'‘-stearic  acid  to  cats  and  obtained  much  of  the 
I adioacti\ ity  in  the  chyle  as  triglyceride.  There  are  now  many  studies 
which  (leaily  indicate  that  fatty  acids  tvith  more  than  ten  carbon  atoms, 
either  saturatecB-^.  is.  20,  30.  15,  28.  53.  36-38.  io4.  21.  23  or  unsaturated, is.  21  ^re  con- 
verted  to  triglyceride  by  the  epithelial  cells  and  transferred  to  the  lymph 
in  that  form.  Figure  80  shows  the  fraction  of  the  absorbed  fatty  acids  of 
different  chain  length  appearing  in  the  lymph. 

Occasionally  a  disease  or  an  anomaly  in  a  human  subject  j)ro\ides 
the  investigator  with  the  o|)portunity  of  sampling  chyle  in  an  otherwise 
normal  individual.  In  1891  Munk  and  Rosensteinii«  had  the  opportunity 
of  studying  a  19  year  old  girl  who  had  a  lymphatic  fistula  draining  most 
of  the  intestinal  tract.  .After  feeding  fat  to  this  subject,  up  to  60  per  cent 
could  be  recovered  in  the  chyle  primarily  in  the  form  of  triglyceride. 
Recent  studies  were  made  on  jiatients  with  chylothorax  and  chyloireri- 
toneum.  They  were  fed  fatty  acids,  and  the  cpiantity  of  acids  appearing 
in  the  chyle  measured.72  One  of  the  most  carefully  studied  cases  was  a 
patient  ivith  chyluria23a,  27  (ompletely  normal  excejn  for  the  fact 

that  under  certain  conditions  she  excreted  fat  in  the  urine  after  a  meal 
A  test  diet  containing  -12  gm.  of  a  mixture  of  corn  oil  and  CO^-labeled  oleic 
acid  or  tnolein  was  fed  and  the  urine  collected.  It  was  calculated  from 
the  total  bpids  and  the  isotope  data  that  about  20  per  cent  of  the  chvle 
api>eared  in  the  urine.  The  distribution  of  lipids  in  the  chyle  is  given 
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Table  11.  Absorition  of  I  rioi.hn  and  Oi.f.ic  Acid  in  a  Human  Subject 


A.  Distribution  of  fatty  acids  in  ch\le 


PER  CENT  OF  TOTAI 

.  FATTY  ACIDS  IN  CHYLE 

FED 

GLYCERIDE  FATTY  ACIDS 

CHOLESTEROL 

PHOSPHOLIPID 

ESTER 

Triolein 

92* 

6.3 

1.7  - 

Oleic  acid 

79 

7.9 

3.0  9.9 

*  Includes  phospholipids 

I{.  Distribution  of  label  in  chyle 

PER  CENT  OF  TOTAL  C13  i\  CHYLE 

FED 

GLYCERIDF.S 

CHOLESTEROL 

PLUS 

ESTERS 

F.ATTY  ACIDS  PHOSPHOLIPID 

Triolein 

99 

1  - 

Oleic  acid 

93 

2  5 

Triolein  labeled  with  C13  (in  the  fatty  arid  moity)  or  labeled  oleic  acid  was  fed  to 
a  human  subject  with  chyluria.  The  chemical  composition  and  C13  content  was 
determined  on  the  lipids  excreted  in  the  urine.  Taken  from  lUomstrand  and  .\hrens: 
J.  Riol.  Chem.,  2??:321,  1958. 

in  I'ahle  41.  No  cliglycerides  and  iiisignifuant  anioimts  of  monoglycerides 
were  found.  The  lymphatic  vessel  which  joins  the  left  renal  pelvis  was 
almost  certainly  an  intestinal  lymphatic  and  not  the  thoracic  duct. 
Hence  lymph  originated  directly  from  the  small  intestine  and  was  not 
diluted  by  lymjjh  from  the  lower  extremities  or  other  jiarts  of  the  G.I. 
tract.  In  the  oleic  acid  experiment  90  to  Oh  j^er  cent  of  the  labeled  oleic 
acid  apjX'ared  in  the  triglyceride  and  cholesterol  ester  fraction,  .8  to  9 
per  cent  in  the  phosj)holij)id  frac  tion,  and  1  to  7  per  cent  as  free  fatty 
acids.  The  specific  acti\ity  of  the  label  in  the  lymph  was  about  90  per  cent 
that  in  the  material  fed.  indicating  that  most  of  the  glyceride  in  the 
lymph  was  derixed  from  the  lipid  fed.  The  j)hospholipids,  hoxvever,  con¬ 
tained  only  20  per  cent  of  the  label,  inditating  that  80  per  cent  of  these 
fatty  acids  were  not  derixed  from  fatty  acids  in  the  lumen  ol  the  intestine. 
The  xvorkers  concluded  that  the  phospholijn’ds  appearing  in  the  lymph 
cannot  be  the  precursors  of  lymph  triglycerides.  Loxv  specific  activity  of 
Ivmph  fattx:  acids  suggests  that  nonesterified  fatty  acids  of  the  lymph  must 
have  been  derixed  from  other  sources  than  nexv’ly  absorbed  fatty  acids. 

The  chemical  composition  of  the  jiarticles  leaving  the  epithelial 
cells  is  not  knoxvn.  When  they  reach  the  lacteals  they  consist  of  particles 
of  1  fj.  in  diameter,  predominantly  triglyceride,  some  phospholipid,  and 
some  free  fatty  acid.  I'he  particle  is  surronnded  by  a  thin  layer  of  protein 
xvliich  afiparently  is  synthesi/ed  by  the  intestinal  mmosa.  bragdoid^ 
found  that  after  injection  of  labeled  amino  ai  ids  the  protein  in  the 
thoracic  duct  chylomicrons  became  lalieled  faster  than  those  in  the  peri- 
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jjheral  biaocl.  J  liere  are  a  vai  iety  of  cliyloniidoiis  with  different  composi¬ 
tions  in  the  thoracic  duct.  Hillyard  et  ha\e  recently  studied  the 

comjiosition  of  different  j^articles  under  different  conditions. 

I  he  ligation  of  tlie  thoracic  duct  does  not  reduce  li]>id  absorption.^ 
I'his  is  undoubtedly  the  result  of  the  rapid  establishment  of  a  collateral 
circulation^^*  (see  Chapter  1).  Clarke,  Ivy,  and  Goodman^^  found  that 
after  ligation  of  the  left  thoracic  duct  a  large  chyle-filled  collateral  channel 
developed  which  had  not  been  present  at  the  time  of  the  original  opera¬ 
tion.  Even  tearing  the  intestinal  lymjihatics,  as  a  method  of  removal,  leads 
to  extensive  regeneration. 

While  the  long-chain  fatty  acids  are  converted  to  triglycerides  and 
absorbed  through  the  lymphatics,  the  short-chain  fatty  acids  are  poorly 
esterified  and  aj>pear  mainly  in  the  blood  cajiillaries.  Considerably  less 
than  one  half  of  the  detanoic  add  appears  in  the  lymph,-^*  while  the 
remaining  fraction  appears  in  the  portal  \ein.^‘^^*  Tributyrin  is  absorbed 
exclusively  by  the  portal  route. Similar  data  have  been  obtained  in 
human  subjects.  Fernandes,  Van  de  Kamer,  and  Weijers'-  found  that 
while  higher  fatty  acids  appeared  in  the  lymph  very  little  decanoic  and 
no  octanoic  appeared.  The  patient  with  chyluria  studied  by  Blomstrand, 
'Ehorn,  and  Ahrens-^  did  not  excrete  octanoic  acid  or  its  olvcerides  after 

O  / 

ingestion  of  20  gm.  of  a  triglyceride  of  predominately  o(  tanoic  acid. 
On  the  other  hand,  this  jiatient  absorbed  oleic  and  palmitic  atids  pre¬ 
dominately  by  the  lymphatic  route. 

I  he  rate  of  absorjjtion  of  short-chain  fatty  acids  is  extremely  rajiid. 
Deuel,  Hallman,  and  Reifman®*  have  comj)arecl  the  rate  of  absorption 
of  fatty  acids  of  different  chain  length  and  concluded  that  butvric, 
caproic,  and  cajirylic  acids  are  absorbed  more  rapidly  than  acids  con¬ 
taining  an  odd  number  of  carbons.  Smyth  and  his  collaborators''^*  have 
jiublished  data  on  short-chain  fatty  acid  absorption  showing  mosement 
of  the  fatty  acid  across  isolated  rat  intestine  against  a  concentration 
gradient.  I'hey  suggest  that  fatty  acids  are  actively  transjiorted  by  the 
intestine.  Hogben^o  has  pointed  out  that  these  authors  have  not  seriously 
consideied  the  possibility  that  the  pH  clillerence  across  the  gut  tvall  niiglu 
influence  the  fatty  acid  gradient.  As  discussed  in  ChajHer  8,  weak  acids 
usually  pass  across  cell  membranes  much  mcjre  rapidly  in  their  un-ion izecl 
form  and  consecjuently  the  rate  of  movement  and  the  eejuilibrium  will 
be  influenced  by  the  pH  difference  across  the  membrane.  It  may  be 
calculated  that  by  this  mechanism  a  clillerence  of  0.8  pH  units  (a  con¬ 
centration  gradient  for  H  ions  of  about  2)  could  give  a  concentration 
giadient  of  about  2  for  a  weak  acid.  Rat  jejunum  is  more  acid  on  the 
mucosal  side  when  incubated  in  vitro,  Avhich  is  the  condition  that  would 
fa\or  the  transfer  of  a  fatty  acid  to  the  serosal  side  by  the  mechanism 
described.  Although  this  mechanism  may  not  be  responsible  for  the 
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obseivcd  liiuliiigs,  ii  luiist  be  clearly  extliiclecl  belore  (lassilyiiig  the  ab¬ 
sorption  ol  sliori-thaiii  latty  aticls  as  active  transjiort. 

Mechanism  of  Triglyceride  Synthesis  from  Fatty  Acids 

1  wo  general  mechanisms  ol  glyceride  synthesis  might  be  considered, 
one  involving  the  hydrolytic  enzyme,  lijxise,  and  another  involving  more 
complex  reactions,  such  as  those  in  li\erd'^‘  Although  synthesis  of  ester 
bonds  can  occur  by  the  action  ol  lipase, under  physiologic  conditions 
there  is  never  a  net  synthesis  of  ester  bonds;  instead,  there  is  a  net  hy¬ 
drolysis.  1  he  ecjnilibriinn  depends  upc^n  the  chemical  composition  of  the 
snbstiates  and  products  but  in  the  case  ol  glycerol  and  long-chain  fatty 
acids  the  ecjnilibriinn  leans  heavily  in  the  direction  of  hydrolysis,  d’he 
concentration  of  fatty  acids  and  glycerol  or  glycerides  is  never  high 
enough  to  jnoduce  net  synthesis  in  the  jjhysiological  situation.  Bergstrom 
et  al.*®  have  studied  a  com|x)und  (2,2-cliniethylslearic  acid)  which  is  not 
a  substrate  of  lijjase  but  is  readily  absorbed  and  converted  into  tri¬ 
glyceride  by  the  intestinal  mucosa.  In  this  case  some  mechanism  other 
than  lijjase  must  have  been  ojjerative. 

.\s  mentioned  jjreviously,  the  glycerol  liberated  by  hydrolysis  of  tri¬ 
glycerides  does  not  contribute  to  the  resynthesis  of  triglyceride  within 
the  ejjithelial  cells.  Studies  with  glycercjl  labeled  with  deuterium,"®' 
with  81,82, 113  glycerol-labeled  trilinolein showed  that  free  glycer¬ 
ol  fed  with  fatty  acids  or  hydrolyzed  from  triglycerides  does  not  apj>ear  in 
the  triglycerides  of  the  chyle.  .\ttem]Jts  to  demonstrate  a  glycerol  kinase 
by  direct  assay  have  failed^®-  although  small  amounts  of  glycerol  are 
apparently  metabolized. Buell  and  Reiser^^  studied  homogenates  of 
swine  intestinal  mucosa  incubated  with  j>almitic  acid  and  C^'^-labeled 
fructose  diphosjjhate  and  found  radioactivity  in  the  glycerides.  Unlabeled 
dihydroxyacetone  jjhosjihate  or  i.-frglyterojihosjjhate  reduced  incorjxira- 
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tigure  SI-  1  riglytericle  synthesis  in  intestinal  nuicosa.  Step  2  occurs  in  liver  but 
not  in  intestinal  epithelinni.  (Kennedy,  Ann.  Rev.  Iliochein.,  2b,  1957.) 
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Tal)lc 

12. 

I- ATTV  Acid  .\B.soRPno,\ 

.Sac.s  oe 

Hamster 

Intestine 

s.\c. 

MUCOS.AC 

SOLUnON 

GUT  WALL 

SEROSAL 

SOLUTION 

l.OC.XTION 

NO. 

TOTAL 

PFR  CENT 

TOTAL 

PER  CENT 

TOTAL 

PER  CENT 

ACTIVITY 

GLYCERIDE 

ACTIMTY 

GLYCERIDE  ACTIVITY 

GLYCERIDE 

I’pper  jejunum 

(1) 

51,000 

18 

11,000 

73 

3,000 

90 

(2) 

57.000 

10 

1  1 ,000 

8-1 

1 ,000 

94 

(3) 

59,000 

22 

9„S00 

83 

840 

— 

Ob 

02.000 

0 

0,100 

80 

510 

— 

Low  ileum 

(•b 

00,000 

<) 

3.500 

71 

280 

— 

Sacs  containing  0.5  ml.  of  l)icarl)f>natc-.saline  incubated  in  4  ml.  of  a  similar  .solution 
containing  ('.H-palmitic  acid-albumin  complex  (7()„500  (pm.).  Modified  from  Johnston: 
I’roc.  .Soc.  Kxjier.  Biol.  R:  Med.,  /00:669,  1959. 


lion  Avherea.s  glycoJysi.s  did  not.  d'hey  concluded  tliaf  there  is  no  glycero- 
kinase  and  that  glycolysis  is  the  source  of  glycerol,  probably  by  way  of 
dihydroxyacetone  (step  2  in  Figure  81). 

Johnston»2  ii;is  recently  obtained  data  on  fatty  acid  absorption  with 
rn  v}tro  preparations  of  hamster  intestine.  Everted  sacs  of  hamster  intes¬ 
tine  were  incubated  in  a  mucosal  solution  containing  Cd-^-palmitic  acid- 
albumin  comjdex  and  triglyceride  was  found  on  the  .serosal  side.  As 
sht)wn  in  Fable  42,  about  90  per  cent  of  the  radioactivity  on  the  serosal 
side  was  glyceride,  the  remaining  10  per  cent  fatty  acid.  The  upper  por¬ 
tion  of  the  intestine  was  most  active  in  this  regard.  In  a  further  study^^.  95 
the  glycerides  were  tarefully  fractionated  on  silicic  acid  columns  and 
the  glyceride  fraction  contained  mainly  triglyceride,  some  diglvceride 
and  no  monoglyceride  (Figure  82).  The  lack  of  monoglyceride  is  in 
agreement  with  the  studies  of  Rlomstrand  and  Ahrens^-^a  consistent 

with  the  pathway  of  triglyceride  synthesis  in  liver  jirojio.sed  bv  Kennedv’®' 
(Figure  81). 

1  he  hyjiothesis  that  jihospholijiid  is  an  intermediate  in  fat  absorjo- 
tion  has  had  a  long  and  checkered  history.  The  first  to  provide  definite 
experimental  sujijiort  for  this  view  were  Rloor'^2,  .3.3  sinclair.i'^2  j 
It  was  found  that  jihospholijiids  increase  in  the  chyle  during  fat  absorn- 
,ion,’«.4«..3.5  although  the  newly  synthesized  phospholipids  contain 
dietary  bitty  acids,  the  fraction  of  ingested  fatty  acids  in  jihosiiholipids 
IS  css  than  a  per  (ent.29.  36.  .38  Experiments  with  P32  showed  increased 
turnover  ol  phospholipids  during  fat  absorptioni2«  but  it  was  thouehti^ 
.nsuIlKK-n,  ,0  a,«,u,u  lor  all  the  lipid  passing  ihrongh  phospholipid 

-\|>|«ic-„(ly  , his  failure  to  luul  rouvincing  evitleiue  for  participation 
.1  ph.,spliohp„l  ,n  htt  absorption  was  dtte  to  the  fact  that  otdv  a  s, nail 
ftattion.  the  phosphatitlic  at  ids,  is  tlirectly  involvetl  in  trigiveeride  svt, 
nests.  I  tirthertnorc.  the  cot, cent, ation  of  this  iniportant '  intenno.liatc 
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GLYCERIDE  FRACTION  ACIDS 


Figure  82-  Glycerides  formed  during  fatty  acid  absorption.  Cl4-|>almitic  acid  was 
placed  on  the  mucosal  side  of  hamster  intestine  in  vitro.  Following  incubation  the 
glycerides  were  separated  on  silicic  acid  columns.  ('Johnston:  J.  biol.  C'.hcm,  2?-/,  10.50.) 

is  very  low  indeed.  Johnston  and  licarden  have  found  that  the  phospha- 
tidic  acid  fraction  of  the  tlie  j)liospholij)ids  is  the  most  active  during 
fat  absorption.®"’ Following  iiu  libation  of  intestinal  segments  in 
either  C^'^-pahnitate  or  NafUF’^Oj,  the  j)hospholipid  fraction  containing 
the  major  activity  was  phosphatidic  acid.  I'he  incorporation  of  P-'^^.pPos- 
phate  into  phosphatidic  acid  in  the  gnt  wall  was  increased  two-  to  three¬ 
fold  when  fatty  acids  were  included  in  the  incubation  mixture.  Fhese 
data  provide  convincing  evidence  that  jdiosphatidic  acids  arc  indeed 
intermediates  in  triglyceride  synthesis  in  the  intestine  (similar  to  the 
pathway  in  the  liver^®'). 

Dawson  and  Issclbacher®"  ®'^’ have  obtained  important  evidence 
for  the  participation  ol  (oen/yme  .\  ((.o.\)  and  adenosine  triphosphate 
(.•\7'P)  in  the  activation  of  latty  ai  ids  prior  to  their  esterification  as 
triglycerides.  Homogenates  of  rat  or  human  intestinal  mucosa,  freed  of 
nuclei  and  cell  debris  by  < enirifugation,  were  incubated  with  C'^-palmi- 
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tale  lor  ^0  iiiinutes  followed  by  isolation  of  glyceride  fractions.  Virtually 
no  activity  was  found  without  the  addition  of  CoA,  A  I  P,  and  niagnesiuin 
ions.  Tween  80  and  lluoride  helped  to  inhibit  the  lipase  which  tended  to 
hydrolyze  the  newly  synthesized  triglyceride.  In  bcjth  the  rat  and  human 
the  ujjper  small  intestine  was  most  acti\e  in  the  incorjjoration  of  fatty 
acid  into  glyceride  (Figure  81).  In  this  system  octancjate  was  1/20  as 
atti\e  as  stearate  in  gi\ing  rise  to  glycerides. 

I  he  actication  ol  latty  acids  (stejj  1,  Figine  81)  has  recently  been 
studied  as  a  sepaiate  step  by  Senior  and  Isselbacher.^-'^®^  They  observed 
that  the  inidosomal  Iraction  was  most  attive  in  this  reaction.  This  ob¬ 
servation  is  consistent  with  the  \  iew  that  fatty  acids  can  be  converted 
to  triglycerides  tvithin  the  entlojjlasmic  reticulum  of  the  cell. 

furthet  ex'idence  that  the  intestinal  synthesis  of  triglyceride  is  simi¬ 
lar  to  that  in  li\er  was  the  demonstration  of  a  phos]jhatase  which  con¬ 
verts  j)hosj)hatidic  acid  to  tliglyceride  and  inorganic  phosphate.  This 
coiuersion  (at  j)H  0.2)  liy  intestinal  mitochondria  and  microsomes  has 
been  shown  by  Johnston.*^®  Direct  evidence  for  the  jjarticipation  of 
diglyceride  in  the  secjuence  of  reactions  was  the  demonstration  that 
diglyceride  jjIus  palmityl-CoA  became  triglyceride.®^ 


C.onversion  of  Aloiioglyceride  to  Triglyceride 

Although  appieciable  (juantities  ol  monoglyceride  enter  the  ejjitheli- 
al  cell  125,  25,  1.34  gj.g  converted  to  triglyceride,  the  biochemical  pathway 
lor  conversion  is  not  yet  established.  Clark  and  Hiibscher^®’ sea  demon¬ 
strated  that  the  addition  of  monoglyceride  to  a  homogenate  of  intestinal 
mucosa  fortified  with  cofactors  and  palmitic  Rcid-CA^  greatly  stimulated 
the  incorporation  of  palmitic  acid  to  triglyceride,  d  ween  20,  which  strong¬ 
ly  inhibits  phosphatidic  acid  phos]ihatase,  did  not  inhibit  the  nioiio- 
glyceride  pathway.  'The  findings  suggest  that  the  monogiyceride  pathway 
is  distinct  from  that  invoiced  in  conversion  of  fatty  acids  to  triglyceride 
C;iark  and  HulischerS6.56a  pciipose  that  monoglycerides  react  directly 

with  acyl-CoA  to  produce  triglyceride  without  anv  ]ihosiihor\iated  in- 
teriiiediates. 

All  alternative  liy|)otliesis  loi  ihe  syntliesis  of  li  iglvcei  ide  lioin  nioiio- 
g  yceiKle  lias  been  .siiggesletl  by  jobi.slon*  explain  bis  observation, 
that  A1  stniuilates  the  iiteoi potation  of  C‘A|abeletl  paliiiitir  aritl-Co A 
into  trtglyceittle  tn  tite  presence  of  a  hotnogenate  of  intestinal  tnttcosa 
He  has  sttggested  the  |K,ssibility  of  phosphorylation  of  tnonoglvceritle 
lysophosphatttlic  acid,  followed  by  acylation  to  lorn,  phosphatidic  acid 
H  e  n  ttctal  expernnent  for  this  hypothesis,  the  isolation  of  lvso|,hospha. 
iid.c  acul  from  the  system,  has  not  been  carried  out.  I'lie  data  available 
at  p.ese.it  are  too  l.a,gn,entary  to  decide  between  the  two  possible  path 
ways  of  monogiyceride  metabolism. 
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Lono-diain  alcohols,  corresponding  to  natural  fatty  acids,  are  ab¬ 
sorbed  trom  the  intestine  and  some  cjt  the  alcohol  is  oxidized  tcj  the  acid 
during  transit  through  the  epithelial  cells.  .As  early  as  1891  .Munk  and 
Rosenstein***’  led  cetyljialmitate  and  found  triglyceride  in  the  lynijih. 
lilcjinstrancl  and  Riunjil-^  have  reviewed  the  literature  on  cetyl  alcohol 
(the  alcohol  corresponding  to  j>ahnitic  acid)  and  report  work  of  their 
cjwn  indicating  that  there  is  an  active  oxicli/ing  system  in  the  intestinal 
mucosa,  converting  alcohol  to  acid,  d  here  is  |jresumpti\e  e\  iclence  for 
an  aldehyde  intermediate. 

A  most  unusual  en/yme  for  animal  tissues  is  that  which  sjdits  the  ether 
link  in  chiniyl  alcohol  (a  glycerol  ether  with  cetyl  alcohol).  When  L*-*- 
labeled  chimyl  alcohol  was  led  to  rats^-  or  to  a  human  subject,-^  some  was 
absorbed  without  hydrolysis  and  some  was  hydrolyzed  and  converted  to 
palmitic  acid,  d  he  conclusion  was  drawn  that  .50  jjer  cent  of  the  absorbed 
chimyl  alcohol  took  the  follo\ving  jjathway:  (I)  hydrolysis  of  the  ether 
link  t(j  cetyl  alcohol,  (2)  oxidation  of  cetyl  alcohol  to  jjalmitic  acid  and 
(5)  estet  ific  ation  of  |)ahnitic  ac  id  to  jitocluce  trijiahnitin. 


PARTICULATE  AP.SORPTION 

The  jiossibility  of  particulate  absorption  has  interested  jdiysiologists 
for  60  years.  In  1900  llenric|ues  and  Hausen'*^  led  an  emulsion  containing 
ecjual  parts  of  lard  and  paralhn.  The  intestine  rejected  the  parallin  com¬ 
pletely  and  abscnbecl  only  the  latch  This  observation  was  confirmed  by 
some-”' and  denied  by  others  Mote  recently  Erazer  was 

able  to  demonstrate  absoi  ption  of  |xn  aflm  if  the  ]xu  tide  size  was  l  educed 
to  0.5  /a'®’"**  and  claimed  that  the  negative  results  of  others  were  clue 
to  inaclecpiate  emulsification. 

Recently,  attempts  ha\e  been  made  to  clemonstiate  absorjHion  of 
other  hand  there  is  evidence  for  the  uptake  of  latex  si>heres.''’«  insoluble 
size  or  form  in  which  methylemethac rylate  could  be  absorbed.  On  the 
other  hand  there  is  evidence  for  the  uptake  of  latex  siiheres.-'^  insoluble 
dye  jjarticles®  and  labeled  resin  particles.”®  I  he  data  ol  the  last  two 
studies  ate  convincing,  although  it  is  clifhcult  tc^  assess  their  c|uantitati\e 
aspects. 


MORPMOLOC.ICAL  CiHANf.ES  ASSOCIATED  WITH 

FAT  AIVSORI’TION 


Profound  mot  phological  changes  can  easily  be  obsei  ved  in  the  ei>i- 
thelial  cells  ol  the  small  intestine  during  lipid  absoijnion.  .As  earb 
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as  1812**^’®“  it  was  known  that  the  ejiitlieh’al  celJs  become  crowded  with 
small  and  large  particles  ol  lipid,  easily  identified  with  a  \ariety  of 
fat-soluble  stains.  1  he  smaller  droplets  ajipear  in  the  apical  or  mid¬ 
portions  of  the  cell  and  the  larger  ones  tend  to  apjrear  a  little  lower,  just 
abo\e  the  nucleus.  1  hese  observations  at  e  completely  consistent  and  have 
been  lejieated  by  many  subsecjuent  wan  kers. As  somew’hat 
similai  choplets  aie  jiresent  in  the  intestinal  lumen  during  fat  absorption, 
it  was  jierlectly  reasonable  lor  the  early  workers  to  assume  that  the  cell 
had  taken  up  the  particles  in  the  lumen  by  imbibition  or  phagocytosis. 

I  he  view  of  particulate  absorption  of  fat  was  set  iously  challenged 
by  the  early  biochemical  cxjieriments  of  Pfluger,i2o-i2.3  BJoor,  and 
others,  which  showed,  among  other  things,  that  fatty  acids  or  soaps  fed 
to  animals  were  transformed  to  neutral  fat  appearing  in  the  lymphatics. 

I  hese  data  seemed  to  indicate  that  w'ater-sohdile  soaps  diffused  into  the 
cells  and  weie  converted  to  triglycerides.  How'  these  triglycerides  escaped 
fi om  the  cell  did  not  seem  to  concern  anyone. 


Prazer'3-‘5  resurrected  the  particulate  absorption  hypothesis  which 
again  became  fashionable  for  a  number  of  years.  During  the  past  ten 
years  biochemical  studies  once  again  have  emphasized  the  extensive 
hydrolysis  prior  to  absorption  and  the  resynthesis  of  triglyceride  within 
the  mucosa.  When  the  particulate  hypothesis  was  at  its  lowest  ebb, 
Palay  and  Karliipi'  published  convincing  electronmicrographs  suggesting 
jiarticulate  absorjjtion  by  pinocytosis. 

Although  a  variety  of  workers  such  as  Baker^'e  and  Hewitt^"  have 


presented  morphological  evidence  of  particulate  absorjnion,  the  elegant 
study  of  Palay  and  Karlin  seemed  to  overshadow  them.  The  investigation 
of  the  last  two  workers  will  be  considered  in  some  detail  as  it  is  the 
most  complete  study  of  its  kind.  In  confirmation  of  earlier  observations 
by  Baker  and  flewitt  these  investigators  demonstrated  that  streaks  of  fat 
appear  m  the  striate  border  during  absorption.  About  20  minutes  after 
feedmg  l.a  ml.  of  corn  oil  to  a  rat.  the  osmium-fixed  tissues  show  that 
small  (Iroj)lets  ol  lat  (about  uOiu/x  in  diameter)  are  lodged  in  the  spaces 
between  the  microvilli.  Accumulations  of  these  droplets  presuniablv 
account  for  the  streaks  of  fat  seen  under  the  light  microscope  \t  this 
stage  the  pinocytotic  vesicles  (which  apparently  occur  spontaneouslv 
m  the  absence  of  fat)  are  sometimes  found  to  be  filled  with  a  droplet 
of  hpid.  In  the  apical  portion  of  the  cell,  just  below  the  terminal  web 
are  seen  many  lat  droplets  1 10  to  240  m^  i.i  diameter,  each  enclosed  in  a 
thin  envelope.  I  he  occasional  observation  of  tubular  extensions  to  these 
tound.  hpid-contaming  structures  suggests  that  the  droplets  lie  in  a 
labyrinthine  membranous  system  (endoplasmic  reticulum)  This  is  con 
firmed  by  the  discovery,  in  some  cells,  of  droplets  enclosed  in  membranes 
studded  with  fine  granules,  apparently  identical  with  the  ergastoplasm. 
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Figure  S'.  Striate  Ijoider  and  aidtal  (M()i)Ia.sni  of  an  intestinal  cpithclical  cell 
from  a  rat  that  liad  Itecn  S'ven  1.5  ml.  of  corn  oil  75  minutes  before  fixation.  In  the 
terminal  weh  and  the  snhadjacent  cytoplasm  are  small  membrane  limited  strnctnres  which 
are  inteipretcd  as  pinocytotic  sesides  (\ )  in  the  process  of  traversinf!;  the  apical  ecto¬ 
plasm  to  join  the  endoplastttit  reticnlnm.  Deeper  in  the  cytojilasm  and  filltiiK  most 
of  the  picture  arc  individual  fat  droplets  enclosed  within  a  nicmhranotis  envelope. 
X  2S,t)00.  (I’alay  and  Karlin,  J.  Ifiophvs.  .'x  Ifiodiem.  C.ytol.,  5,  19  )0.) 
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K\tra( ellulai  lai  diojjlets  between  the  ejjitlielial  cells,  es]jecially 
lielow  tlie  le\el  nl  tlie  nucleus,  weie  lust  clesciibetl  by  Kiscliensky*'^^  and 
reiently  einjihasi/ed  b\  Hewitt.'^”  I  liese  nbsei  \  atiniis  seemed  to  indi¬ 
cate  that  hit  is  alisoi  lied  liy  ]iassa,<»e  lietween  tlie  cells  lather  than  through 
them.  J  he  (jiiestion  was  darilied  by  the  ivork  ol  Palay  and  Karliid*' 
who  showed  that  lipid  did  not  pass  between  the  tells  in  the  a]jical  region 
but  jiassed  through  the  ajiical  cytoplasm  ol  the  cell  and  was  then  extruded 
at  the  le\el  ol  the  miclens.  .Vs  shown  in  Figure  81,  \irtually  all  ol  the 


l  igitte  S-1 .  I'.xi  I  acellular  position  of  linii]  ai  tin*  f 

pc,  r, „i,.  The  Jc . .  pal  ~ 

\v\v\  111  a  |)laiK‘  uaiallel  with  ilw^  fi#* .  f  r  »  cells  at  (he  iiucleai 

. . .  a,c',aK.  a',  .hirL.l  'I'le  .!;:,nc,;,',l"h.:,  acellular  ta, 

spa<<  s.  Non-  ,liat  the  cxiraccllulai  droplets  arc  devo'id' o^theh^"^  "I 
. .  '  . .  "  “'"I  I.  I>i..l.l.«,  S:  DhKhcn,. 
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lipid  diojilcLs  are  exiracellulai  at  the  level  ol  the  lower  hall  ol  the  eelh. 
The  droplets  cross  the  basenient  inemhraiie  and  can  he  seen  between 
the  endothelial  cells  oi  the  lymphatic  (ajhllaries. 


THE  1‘RESENT  POSITION 


rriglyceride  in  the  hunen  ol  the  intestine  is  einulsifietl  by  peristalsis 
in  the  presence  ol  bile  salts  to  droplets  fine  enough  to  allow  interaction 
with  water-soluble  lipase.  Intrahuninal  hydrolysis  results  in  the  splitting 
ol  one  third  to  one  hall  ol  the  molecules  to  latty  acids  and  glycerol,  while 
the  balance  remains  glyceride.  I'lie  e.xact  composition  ol  the  absorbed 
glyceride  Iraction  is  not  known  but  it  is  ]nesunied  by  many  iinestigators 
that  a  major  portion  is  monoglyceride. 

mixture  ol  latty  acids  and  glycerides  enters  the  epithelial  cell  by 
either  dillusion  or  pinocytosis  or  both.  The  latty  acids  and  lower  glycerides 
are  then  converted  to  triglyceride,  probably  within  the  endoplasmic 
reticulum. The  synthetic  pathway  Irom  latty  acid  proceeds  by  the 
addition  ol  two  latty  acids,  through  their  Coen/yme  A  derivative,  to 
endogenously  produced  glycerol  phosjdiate.  The  resulting  phosphatidic 
acid  is  dephosphorylated  and  a  third  acyl-Coenzyme  A  is  added  to  the 
tliglyceride  to  produce  triglyceride.  The  jxithway  lor  conversion  ol  mono¬ 
glyceride  to  triglyceride  is  not  yet  definitely  established. 

The  large  particles  ol  triglyceride  (500  to  1000°A)  within  the  endo- 
j>lasmic  reticulum  are  then  extruded  Irom  the  lateral  margins  ol  the  cell 
by  a  process  analogous  to  the  pancreatic  secretion  ol  zymogen  granules. 
I  he  extracellular  lipid  droplets,  Iree  ol  endoplasmic  reticulum,  pass 
across  the  basement  membrane  and  into  the  lymphatic  vessels  by  passage 
between  the  endothelial  cells. 


riiere  is  now  a  large  measure  ol  general  agreement  on  the  process 
<d  lat  digestion  and  absorption.  One  aspect  ol  the  jnoblem  not  entirely 
resolved,  however,  is  the  (juestion  ol  the  mechanism  by  which  lat  crosses 
the  luminal  membrane  ol  the  epithelial  cell.  Although  there  is  evidence 
lor  lipid  absorption  by  pinocytosis,  the  (piantitative  significance  is  ililfi- 
cult  to  assess  at  present.  From  what  has  been  said  in  the  |)revious  chapter 
about  lipid-soluble  substances  entering  cells  by  solution  in  the  lipid  of 
the  cell  membrane,  it  is  presumed  that  fatty  acids  and  glycerides  coidd 
diffuse  into  the  cell  if  aj)])reciable  concentrations  existed  in  a  molecular 
form  at  the  surface  ol  the  cell,  rims,  the  two  opjiosing  views  of  lipid 
absorption  have  still  not  been  comjiletcly  reconciled.  'To  stimulate  lur- 
ther  exiKiimentation  in  this  area  these  two  different  interpretations  will 
be  discussed  in  more  detail. 
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I’inot) tosis  Hypothesis 

A  good  case  may  lie  made  lor  tlie  liyjjothesis  tliai  all  ji]>id  is  adsorbed 
ill  the  lorm  ol  j>articles,  about  500°A  in  diameter,  by  a  mechanism  ol 
membrane  invagination  (Figure  85).  According  to  this  \iew  latty  acids 
and  glycerides  arrange  themsehes  in  small  particles,  with  the  hydrophobic 
tails  lacing  inwards  and  the  liydrt^]diilic  ends  outward.  1  he  comjxjsition 
of  these  jiarticles  would  vary  considerably  in  their  projjortion  ot  fatty 
acid  and  glyceride.  During  transit  through  the  cytoplasm  of  the  cell, 
conversion  of  fatty  acids  to  triglycerides  probably  cjccurs  within  the 
endoplasmic  reticidum. 

.Although  it  is  dilficult  lo  demonstrate  lipid  droplets  within  pino 
cytotic  vesicles  in  the  act  of  separation  from  the  membrane,  the  demon¬ 
stration  of  particulate  absorption  is  unetjuivocal  in  the  case  of  latex 
spheres’-®  and  insolidjle  dye  particles.®  In  these  two  cases  rarely  is  a 
piocytotic  vesicle  seen  in  the  actual  jjrocess  of  formation  on  the  membrane 
j  although  it  must  Irecpiently  occur.  Therefore,  inability  to  demonstrate 
the  lorniation  ol  the  vesicle  does  not  disprove  this  mechanism.  Palay  and 
Karlin”'  have  matle  some  interesting  calculations  which  suggest  that  one 
cannot  expect  to  see  lat  Irequently  in  the  process  of  entering  the  cell. 


PARTICLE  SIZE 


Lymphotic 

copillory 


■> 


500-1000  mu 


hf^uitsy  I’liiocMosis  li\i>()thesis  of  lipid  ahsoi  ption. 
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Ditiiision  Hyputhesis 

An  alternative  view  is  tluit  tlie  major  proclnets  ol  triglyceride  hy¬ 
drolysis,  latty  acids  and  inonoglycerides,'^*'  are  absorbed  by  simple  dillnsion 
across  the  membrane  ol  the  ej^ithelial  cell  by  \irtiie  ot  their  solubility 
in  the  lipid  jjortion  ot  the  cell  membrane^''  (higure  Hh).  Cdiapter  3 
emphasi/.ed  the  basic  principle  ot  cell  j)ermeability:  a  high  degree  ol 
lipid  solubility  ot  a  compound  usually  assures  its  ready  entrance  into 
cells  (assuming  the  compound  is  in  molecular  torni  in  the  acjueous 
phase).  One  essential  role  ot  bile  salts  may  l)e  the  emulsification  ot  tatty 
acids  and  glycerides  to  molecular  dimensions,  a  torm  which  would  jjermit 
ilitiusion  into  the  cell. 

In  answer  to  the  clear  evidence  ot  jhnocytosis  ot  latex  and  dye 
particles,  one  might  argue  that  this  phenomenon  is  entirely  unrelated 
to  lijiid  absorption.  These  loreign  substances  are  probably  absorbed  in 
verv  tiny  amounts  by  a  process  distinct  trom  that  lor  lij)ids. 
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Cholesterol,  Bile  Salts, 
and  Phospholipids 


CHOLESTEROL 

Tlie  iionnal  luinian  clici  usually  contains  approximately  0.5  gin.  of 
cholesterol  per  clay,  although  ten  times  this  amount  is  sometimes  in¬ 
gested. The  limited  capacity  of  the  intestine  tc^  absorb  cholesterol  is 
in  marked  contrast  to  that  for  triglycerides.  Ivy  et  al.^^  have  found  that 
an  average  of  2  gm.  cd  dietary  cholesterol  can  be  handled  daily,  ^vhile  it 
has  been  calculated  that  the  maximum  cajjacity  for  triglyceride  absorption 
is  200  to  500  times  this  amount  (see  Chajner  I  for  calculation).  Man’s 
efficiency  in  absorbing  cholesterol  has  lieen  studied  by  a  number  of 
workers.^''  Heilman  et  al.,  foi'  examjde,  reported  52  to  86  per 

cent  alisorption  of  tracer  closes  of  radioactive  cholesterol  and  about 
52  per  cent  for  1  gm.  closes.  In  a  jiatient  with  chyluria,  blomstrand  and 
.\hrens®  found  that  of  an  oral  close  of  M  mg.  only  20  }>er  cent  was 
absorbed  in  15  hours. 

On  a  cholesterol-free  diet  considerable  cjuantities  of  cholesterol  ap¬ 
pear  in  the  intestinal  lymph,  indicating  absorption  of  endogenous  choles¬ 
terol  from  the  lumen.  A  \ariety  ol  estimates  of  this  lecircidated  choles¬ 
terol  have  been  niade.'^’ In  ttnin  the  excretion  into  the  gut  is 
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between  I  and  .S  gin.  daily.  I  he  dilution  of  radioactive  cholesterol  at 
various  levels  of  the  gut  correlates  well  with  the  bile  concentration  and 
Borgstrdnd^  (onclndes,  therefore,  that  most  of  the  endogenous  cholesterol 
is  deri\ed  from  bile.  Endogenous  cholesterol  comprises  about  one  half 
the  total  cholesterol  absorbed.  I  hus  the  recirculation  (or  enterohepatic 
tircidation)  is  a  jiromincnt  feature  of  cholesterol  absorption.  Experi¬ 
ments  on  mice-' show  that  it  is  also  a  feature  of  the  absorption  of 
certain  cholesterol  tleri\ati\es,  the  steroid  hormones,  testosterone,  proges¬ 
terone,  and  cortisone. 

Lymphatic  Route  of  Alisorption 

Ehe  absorption  of  cholesterol  by  the  lymj)hatic  route  was  established 
by  Mueller^^'^^  and  by  Erdlicher  and  Siillmann.-®  I'his  has  been  con¬ 
firmed  and  extended  by  recent  (|uantitati\'c  studies  which  indicate  that 
this  sterol  is  absorbed  exclusively  into  the  intestinal  lymphatics,  both  in 
animals^’  and  in  man.^^ 

Delay  in  Cholesterol  .\bsorption 

following  a  single  oral  dose  of  radioacti\e  cholesterol  the  peak  of 
sj^ecific  acti\ity  in  the  blood  is  between  two  and  three  days  in  both 
humans®  and  rats.-^  Borgstrdm,  Lindhe,  and  Wlodawer^^  have  shown 
that  the  slow  release  ot  cholesterol  from  the  epithelial  cells  is  responsible 
for  the  delay  in  its  appearance  in  the  Idood.  I  hey  fed  tracer  amounts 
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of  (.‘■‘-lal)elccl  cholesterol  to  rats  and  determined  the  radioactivity  in 
the  intestinal  lumen,  washed  intestinal  mucosa,  liver  and  blood.  Figure  87 
shows  that  after  three  hours  almost  90  per  cent  of  the  absorbed  cholesterol 
was  still  present  in  the  intestinal  wall;  after  twelve  hours  50  fx'r  cent 
still  lemained  in  the  gut  wall  while  25  per  cent  was  present  in  the  liver 
and  20  per  cent  in  the  blood.  I  his  exceedingly  long  transit  time  for 
tholesteiol  across  the  columnar  epithelial  cell  is  another  important  point 
of  difference  between  cholesterol  and  triglyceride  absorption. 


Role  of  Bile  and  Pancreatic  Secretions 

In  1916  iMueller^^  found  that  diversion  of  either  bile  or  pancreatic 
juice  from  the  digestive  tract  greatly  reduced  cholesterol  absorption 
in  the  dog.  1  here  aj^pears  to  l)e  an  al)solute  recpiirement  for  bile  salts 
in  the  intestinal  absorption  of  cholesterol.’^'* Figure  88  shows  an  experi¬ 
ment  by  Sijjerstein  et  al.^'  in  which  the  dicersion  of  bile  completely  in¬ 
hibited  cholesterol  absorption  into  the  lymph. 

Fhe  experimental  evidence  demonstrating  the  imj)ortance  of  pan¬ 
creatic  secretion  in  cholesterol  absorption  is  not  as  clear  as  that  for  bile 
salts.  .Although  most  workers  have  found  that  diversion  of  pancreatic 
secretion  reduced  absorjnion,^^*  3®*  the  opinion  is  not  unanimous.®® 
Flernandez,  Clhaikoff,  and  Kiyasu''*®  found  that  loss  of  both  j^ancreatic 
juice  and  bile  led  to  complete  cessation  of  cholesterol  absorption,  ^\dlen 
pancreatic  juice  was  fed  with  cholesterol  no  absorption  was  noted.  Bile 
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88.  Importance  of  l>ilc  for  cholesterol  absorption.  Cholesterol  Ci-i  fed  to 
fistula  rats,  one  with  normal  bile  duct  and  one  in  which  the  bile  duc  t  uaN 
and  all  bile  diverted  from  the  intestine.  Radioactic  ilv  appearing  in  KmpU 
ed.  (Modified  from  Sipersteiu  ct  al.;  j.  biol.  Chem..  /W:lll.  I9.')2.) 
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alone  pixxluced  some  absolution  but  bile  and  jjancreatic  juice  togetlier 
ga\e  best  rcsnlts. 

(diolesteTol  esters  present  in  the  diet  are  probably  largely  hydroly/ed 
in  the  linnen  prior  to  absorption.  Schbnheiiner  and  Hummel^®  fed 
cholesterol  oxalate  and  found  considerable  cholesterol  in  the  liver  but 
no  trace  ol  the  oxalate,  which  suggested  extensixe  hydrolysis  prior  to 
absorption.  I  his  and  other  exidence'^**  suggests  that  jjancreatic  esterase 
causes  extensixe  splitting  ol  cluilesterol  esters  in  the  lumen  of  the 
intestine. 


effec:t  of  dietary  lipid  on  cholesterol  absorption 

.\  number  ot  earlier  xvorkers-'’ believed  that  no  cholesterol  xvas 
absorbed  in  the  absence  of  triglyceride  or  fatty  acid  in  the  diet.  'Lhere 
is  noxv  ample  exidence  that  cholesterol  alone  is  moderately  absorbed  in 
the  rabbit23.49  11, 48. 39. 68  ]\ja,iy  clietary  lipids  stimulate  cholesterol 

absorption  and  this  effect  has  been  the  subject  of  considerable  inxesti- 
gation.  Kim  and  Ixy,^^  using  balance  methods  in  rats,  found  that  only 
xvhen  the  ratio  of  triglyceride  to  cholesterol  xvas  24  or  more  xvas  there 
significant  stimulation  of  cholesterol  absorption.  On  the  other  hand, 
they  found  fatty  acids  had  a  marked  stimidatory  effect  and  suggested  that 
triglycerides  stimulated  through  the  fatty  acids  released  by  hydrolysis 
in  the  intestine.  This  effect  of  fatty  acids  has  been  confirmed  and  extended 
by  X’^ahouny  and  Treaclxvell®*  who  shoxved  that  oleic  and  linoleic  acids 
stimulated  chcjlesterol  absorjjtion  in  rats  xvhile  steaiic,  j^ahnitic,  lauric, 
and  butyric  did  not.  The  only  triglyceride  that  stimulated  absorption 
in  this  system  xvas  the  one  containing  linoleic  acid.  If  the  stimulatory 
effect  of  fatty  acids  xvere  due  to  the  esterification  of  cholesterol  in  the 
lumen  of  the  intestine,  cholesterol  esters  should  be  absorbed  more  readily 
than  fiee  cholesterol.  Hut  this  xvas  not  the  case,  (iholesterol  oleate  and 
cholesterol  stearate  xvere  absorbed  somexvhat  more  sloxvly  than  free 
diolesterol.55.  67,  47.  61.  48  A  commonly  held  view  is  that  fatiy  acids  aid 
in  the  transport  of  cholesterol  through  the  cell,  or  the  exit  frcnn  the  cell, 
by  providing  an  essential  substrate  for  esterification  of  cholesterol. 

Role  of  Esterification  in  Alisoi  ption 

I  hat  esterification  of  cholesterol  occurs  during  transit  through  the 
epithelial  cell  has  been  known  since  19 16.-*^  After  feeding  free  cholesterol, 
about  txvo  thirds  ol  the  cholesterol  apj^earing  in  the  chyle  is  in  the  esteri- 
fiecl  form.  Pancreatic  juice  contains  a  very  actixe  enzyme  which  sjdits  (or 
synthesizes)  cholesterol  esters,  especially  tlu^se  with  long-chain  lattx  ac  ids 
At  ecpiilibrium,  approximately  txvo  thirds  of  the  cholesterol  is  esterified 
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Table  43 

.  Disikibc noN  oi  Caioi.riiKKoi.  I 

-SIERASE 

risscE 

CnOLESlEROL  BUTYRATE 

CHOLESTEROL  OI.EATE 

Pancreas 

242 

75 

Intestine 

6 

1.3 

Liver 

4 

0 

Kidney 

0.5 

0 

Other  organs 

0 

0 

Activity  measiiietl  as  mg.  ctiolesterol  c*slei  liydioly/ed  jjer  gm.  tissue  per  liour  in  tiie 

presence  of  taiirocliolate.  'I  akeii  from  Swell.  Uoiier,  Field,  and  I  read  well'  \m  I 
IMiysiol.,  /<V/:iy3,  19;"). 


uiul  a  tiiiicl  ftee.  In  a  study  ol  the  tlistribtitioii  of  this  eii/.yiiie  in  tlie  rat, 
Swell  et  al.**-  fotiiid  tliat,  while  the  highest  conceiuratioii  was  in  the 
pancrease,  considerable  amounts  were  also  jjresent  in  the  small  intestine 
( 1  able  43).  In  a  study  of  the  substrate  specificity  of  the  esterase,  \  ahouny 
and  lieadwell®^  found  a  compound,  cholesterol  trimethylacetate,  which 
was  not  a  substrate  lor  the  en/yme  and  was  not  absc^rbecl.  These  and  othei 
observations  have  led  many  workers  tc^  believe  that  cholesterol  esters  are 
hydrolyzed  in  the  lumen  and  the  cholesterol  must  be  re-esterified  in  the 
epithelial  cells. 

Evidence  against  the  essential  nature  of  the  esterase  reaction  in 
absorption  of  cholesterol  was  provided  by  Daskalakis  and  Chaikolf.-- 
These  authors  found  that  two  sterols  (dihydrocholesterol  and  ergosterol) 
which  inhibited  cholesterol  absorption  did  not  reduce  the  jjercentage  of 
cholesterol  appearing  in  the  lymph  in  the  esterihed  form.  I'hese  com¬ 
pounds  apparently  comjx-te  ^v■ith  cholesterol  for  absorption  at  some  step 
prior  to  the  esterification  reaction. ^2.  fie  Another  study  from  Chaikolf’s 
laboratory^®  has  raised  the  possibility  of  simple  adsorj)tion  of  pancreatic 
estera.se  by  intestinal  epithelial  cells,  since  pancreatectomy  or  diversion  ol 
the  juice  reduces  the  enzyme  level  in  the  intestinal  mucosa.  Horgstrdm  el 
al.*^  found,  in  following  a  tracer  chrse  of  holesterol,  that  the  sterol  ap¬ 
pearing  in  the  thoracic  duct  during  the  first  three  hours  was  predominant¬ 
ly  in  the  free  form.  The  jnoportion  of  free  to  esterihed  in  the  intestinal 
mucosa  was  about  four  to  one  at  3  hours,  one  to  one  at  12  hours  and  one 
to  three  at  24  houis.  They  iiderred  that  cholesterol  enteis  the  cell  in  fiee 
form  and  then  is  slowly  esterihed  within  the  epithelial  (ell. 

■Mechanism  of  Cdiolesterol  .Absorption 

.Although  there  are  not  enough  data  available  to  sujjport  a  compre¬ 
hensive  hypothesis  of  the  mechanism  of  cholesterol  absor[)tion,  a  “work¬ 
ing  hypothesis”  may  be  useful.  The  one  given  here  is  a  composite  of  the 
views  of  many  different  authors.  In  our  present  state  of  knowleilge  it 
seems  unnecessary  to  postulate  any  medianism  of  entrance  into  the 
epithelial  cell  other  than  simple  tliffusion  of  cholesterol  through  solution 
in  the  lij>id  portion  of  the  membrane,  .\ccording  to  this  hypothesis  bile 
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salts  are  essential  lor  eimilsification  and  reduction  of  particle  si/e  to 
niolecnlar  dimensions,  at  which  jjoint  diffusion  into  the  membrane  could 
occur.  Pancreatic  juice,  which  is  less  essential  than  bile,  may  aid  in 
absorjHion  by  pro\iding  additional  emulsilying  agents  from  the  hydrolysis 
products  of  triglycerides,  such  as  fatty  acids  and  lower  glycerides.  F'atty 
acid  stimulation  of  cholesterol  absorj^tion  might  be  explained  in  this 
manner.  Mo\ement  through  the  epithelial  cell  might  occur  by  some  type 
of  adsorption-desorption  to  compounds  such  as  lipf)})roteins  as  suggested 
b)  (do\er  and  (ireen,-'^  which  might  attount  for  the  exceedingly  slow 
mo\ement.  I'hey  suggest  this  lipoprotein  step  as  the  site  of  competition 
between  plant  sterols  and  cholesterol.  Esterification  within  the 
cell  is  probably  not  the  main  control  of  absorj)tion  and  may  be  only  a 
fortuitous  event.  Epicholesterol  is  absorbed  unesterified^^  and  dihydro¬ 
cholesterol  is  )x)orly  absorbed, though  readily  esterified.^'^  As  cholesterol 
is  present  in  the  chylomicra  of  intestinal  chyle,  this  sterol  may  enter 
the  triglyceride  droplets  in  the  cell  and  leave  by  the  secretory  route 
described  for  triglycerides.  Perhaps  fatty  acids  stimulate  cholesterol 
absorption  by  j)ro\iding  an  accessible  vehicle  to  use  in  leaving  the 
intestinal  epithelium. 


BILE  SALTS 

It  has  been  known  for  many  years  that  a  fraction  of  the  bile  acids 
secreted  into  the  lumen  of  the  intestine  through  the  bile  was  resorbed 
by  the  intestine,  to  be  resecreted  in  the  bile."*  This  cyclical  process  has 
been  termed  the  enterohepatic  circulation.  When  labeled  taurocholic, 
glycocholic  or  glycodeoxycholic  acid  was  fed  to  a  bile  fistula  rat,  80  to  90 
per  cent  of  the  bile  acid  was  secreted  in  the  bile  within  two  hours.®"- 
It  was  calculated  by  Bergstrihn  and  Danielsson'^  that  the  bile  acid  pool 
of  the  lat  circnlates  ten  times  daily,  d'here  is,  of  course,  some  loss  of 
bile  acids  which  must  be  replaced  by  liver  synthesis  but  the  recirculation 
process  is  (piite  efficient.  A  scheme  of  bile  acid  metabolism  is  given  in 
Eigure  89. 

As  a  human  normally  absorbs  20  to  .SO  gm.  of  bile  acids  daily,  the 
process  of  absorption  is  considerably  more  efficient  than  that  for  the 
parent  sterol,  cholesterol.  Ible  salts  exist  conjugated  with  either  glycine 
or  taurine  and  thus  are  more  polar  and  ihore  water  soluble  than  manv 
other  sterols.  Recently,  Lack  and  Weiner^^  interesting 

study  of  bile  salt  absorption  by  isolated  small  intestine  of  the  rat  and 
guinea  pig.  Everted  sacs  of  low  ileum  of  both  animals  transported 
taurochohe  acid  across  the  gnt  wall  against  a  concentration  gradient 
of  five-  to  fifteenfold  .Sacs  from  the  more  proximal  locations  of  the 
intestine  did  not  transport  bile  salts  (Eigure  90).  Ehese  workers  have 
extended  their  studies  to  w  vivo  experiments  on  anesthetized  guinea 
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Dietary 
^  cholesterol 


Fecal  Fecal 

bile  acids  steroids 

0.8g./day  ~ 0,4  g./day  (?) 

Figure  89.  Smnniaiy  of  the  tmnovci  of  cholesterol  in  man.  (Bergstrom:  In  Ciha 
Foundation  Svmposium  on  the  Biosynthesis  of  Ferpenes  and  Sterols,  Little,  Brown 
Co.) 


jiigs.''^  riiey  placed  bile  salts  in  tied  lf)ops  of  either  jejiinuni  ttr  ileiini 
and  measured  the  excretion  into  the  bile  by  cannulating  the  bile  duct, 
raurocholate,  glycocholate  and  cholate  were  all  well  absorbed  from 
the  ileum  while  virtually  no  absorption  ttnik  j)lace  in  the  jejunum. 


MISC  ELLANEOI  S  LIPIDS 

The  intestine  possesses  a  remarkable  degree  of  discrimination  in  its 
absorption  of  a  variety  of  sterols  of  somewhat  similar  chemical  structure. 
V'itamin  and  cholesterol  are  absorbed  to  a  moderate  degree  while 
certain  plant  sterols  are  not  absorbed.  Sdidnheimer  and  HummeF^-®^ 
were  the  first  to  draw  attention  to  this  interesting  phenomenon.  Table  41 
shows  data  taken  from  Sperry  and  liergmair’'’*'  who  obtained  an  indirect 
measure  of  sterol  absorption  by  estimating  the  increase  in  liver  sterol. 
Cholesterol  feeding  increased  liver  sterol  while  ostreasterol  (derived 
from  the  oyster)  prochued  only  a  small  increase.  Sitosterol  gave  no 
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Figure  90.  Location  in  the 
intestine  of  bile  salts  transport. 
Kverted  sacs  of  rat  intestine 
were  incubated  with  tanrocho 
Iate-Ci4  on  both  sides  of  the 
intestinal  wall.  Final  concentra¬ 
tion  ratio  (serosal/imicosal)  was 
determined.  (Drawn  from  the 
data  of  Lack  and  Weiner:  .\m. 
J.  Physiol..  2dd:3l3,  1961.) 


increase.  The  phytosterols  (sitosterol  and  stigmasterol)  not  only  are 
not  absorbed  but  also  block  the  absorption  of  cholesterol  in  animals'*® 
and  'll  man.®  I  his  suggests  that  the  inhibitors  may  com|)ete  for  a  common 
step  in  absorption. 

It  has  been  suggested  by  Cfanguly  et  al.^'  that  vitamin  A  and  caro¬ 
tenoids  are  absorbed  by  attachment  to  sjiecific  lipojiroteins  of  the  in¬ 
testinal  mucosa,  lollowed  by  transjiort  across  the  cell,  perhaps  still  as¬ 
sociated  with  lipojH'otein.  Krinsky.  Cornwall,  and  Onclev*''  have  demon¬ 
strated  that,  following  a  meal,  human  blood  contains  different  lipo¬ 
proteins  which  adsorb  \itamin  ester,  vitamin  alcohol,  and  caro- 
tinoids,  while  chyloniicra  arc  essentially  free  of  these  lipid  components. 
These  authors  emjihasi/c  the  specific  attachments  of  lipoproteins  to 
these  compounds. 


Table  44.  .Si’F,c:inc:rn  ok  .Stfroi.  .Ab.sorption 


STF.ROL  IN  DIFT 


NO.  OF  ANIMALS 


None  (control) 

Cdiolcsterol 

Ostrcastcrol 

Sitosterol 


8 

9 

9 

10 


Data  taken  from  Sperry  and  Rerpman:  J.  Riol.  Chem 


STEROL  CONTENT  OF  LIVFR  (%) 

0.61 

4.27 

1.06 

0.40 

//‘5»:17I.  1937. 
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Akiiough  most  steroids  are  absorbed  into  tlie  lymphatics,  certain 
steroid  liormones  enter  tlie  circulation  through  the  portal  vein.  In  a  man 
with  a  thoracic  dnct  fistula,  labeled  hydrocortisone  and  testosterone, 
given  orally,  did  not  aj)j)ear  in  the  lymph  although  large  amounts  were 
soon  recovered  in  the  urine. Presumably  all  ol  these  compotinds  had 
passed  into  the  portal  vein. 


PHOSPHOLIPIDS 

I  he  j)ancreas  and  the  intestinal  ejiitheliinn  Ijoth  produce  a  variety 
of  enzymes  capable  ol  phospholij)id  hydrolysis.  The  nomenclature  for 
these  enzymes  used  in  this  chapter  is  taken  from  the  excellent  review 
of  Kates.^®  Figure  91  indicates  the  linkage  of  the  ])hospholipid  molecule 
which  is  sjdit  by  the  different  phosjdiatidases.  It  includes  the  recent 
observation  that  contrary  to  the  previous  belief  j)hosj)hatidase  A  s}>lits 
the  fatty  acid  from  the  beta  position  of  the  glycerol. Phosphatidase  H 
splits  both  fatty  acid  ester  bonds,  yielding  glycerol  phosj)hate  esters. 

Although  the  j^ancreas  secretes  both  jdiosphatidase  .\®®  and  jdios- 
phatidase  the  former  is  jnobably  more  important  in  vino  in  intestinal 
tligestion  as  considerable  free  lysolecithin  has  been  found  in  the  duodenal 
contents.'^  \'ogel  and  Zieve®**  have  obtained  pancreatic  j)hosphatidasc  .A 
from  human  duodenal  contents  and  demonstrated  both  fatty  acid  and 
lysolecithin  as  products  of  lecithin  hydrolysis.  I'hc  enzyme  that  splits  the 
diglyceride-phosphate  link  in  a  glyceroljihosjdiatide  (phosphatidase  D) 
is  present  in  some  animal  tissues'^®’  ®®  and  j)robably  exists  in  the  j)ancreas. 


Figure  91.  Nomenclature  for  phosphatides.  flie  letter  indicates  the  site  of 
hydrolysis  of  phosphatidases  with  these  letter  suffixes.  (Kates:  in  I.ipide  Metabolism. 
John  ^Viley  Sc  .Sons.) 
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Schniidt  ei  al.^^  liave  lound  tliat  phosj^hatidyl  etlianoJaiiiine  and 
phosjdiaiidyl  serine  Iractinns  nl  crude  Inain  cej^lialin  are  hydioly/ed  by  a 
phospholij>ase  in  mitochondria  of  rat  intestinal  mucosa.  Cephalin  was 
hydrolyzed  much  faster  than  lecithin  in  this  preparation  and  acetyl 
jihospholijiids  were  unallected.  Presumably  this  enzyme  is  not  responsible 
for  extracellular  digestion  as  it  occurs  in  the  mitochondria  within  the 
cell.  A  j>articulate  preparation  ol  jjhosphatidase  B  has  been  studied  by 
Kpstein  and  Shapiro.-^ 

.V  tentative  scheme  h^r  the  major  pathway  of  hydrolysis  of  most 
jdiospholipids  is  given  in  Figure  92.  Following  the  cleavage  of  the  two 
fatty  acid  ester  linkages  a  diesterase  of  the  intestinal  mucosa  splits  the 
glycerylphosphoryl  compound  to  glycerol  phosphate. I’he  final  cleavage 
of  the  phosphate  group  is  presumably  carried  out  by  the  nonspecihc 
phosphatase  of  the  intestinal  epithelium. 

Fhe  most  prominent  feature  of  digestion  and  absorption  of  phos¬ 
pholipids  is  the  extensive  hydrolysis  in  the  lumen  of  the  intestine.  AVhen 
phospholipids  are  fed  to  rats  the  triglyceride  concentration  of  the  chyle 
increases  while  there  is  little  or  no  increase  in  phospholipid. 7.  lo  Bloom 
et  al.i‘^  found  that  following  oral  administration  of  phospholipid  con¬ 
taining  fatty  acids,  87  per  cent  of  the  absorbed  radioactivity  appeared 
in  the  lymph  and  only  20  per  cent  of  this  activity  was  in  the  phospho- 
lijnds  (  Fable  45).  This  indicated  that  a  small  fraction  of  absorbed 
phospholipid  escaped  hydrolysis  and  was  absorbed  intact.  This  confirms 
the  jJie\ious  study  of  Artom  and  Swanson,^  who  performed  experiments 
with  phospholipids  labeled  with  ^Vhen  11  gm.  of  lecithin  was  fed  to 

a  human  sidiject  with  chyluria  no  increase  in  chyle  phosjrholipid  was 
noted.® 

Virtually  no  phospholipid  is  present  in  the  feces  of  rats  that  are 
lasting  or  on  a  lat-lree  diet.  Ingestion  of  corn  oil  or  oleic  acid  greatly 
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Ly sop hosphati  dose 


^P-8a.« 


J  ^Phosphotose  J  +  Bo.. 

Ve,.fcrhea'4'  ind' cal« 'Lualot  hi:'™'”",  f 
choline,  clhanolamine  (also  possihly  Sfrin:'OT"'hiosi'lol). 
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T  able  45 

Rl  t:OVERV  OF  P 

iiosnioi  ii'iDs  IN  Lv.\ii*n 

FED 

ADMl.MSTERII) 

t’-i.iinD-co 
(%  absorbed) 

ABSORBED  cO 

RECOVERED  IN 

LV.MPII 

FATTY  ACIDS  (%)  ’ 

l  YMPII  EAi  rV  A(II)S 

— cO  i'rksent  as 

MIOSl’IlOllPIDS  (%)• 

CO  phospholipid  20  mg. 

pins  0.5  ml.  corn  oil 

83 

87 

20 

*Pattv  acid-C'^  in  lymph  plios|)lK)lipides/lotal  fatty  acid-C'd-l  of  lymph  X  100. 

lakeii  from  Bloom,  Kiyasii,  Reinhardt,  and  C'.haikolt:  Am.  J.  Physiol.,  777:81,  195f. 


increases  j)lujsphoIipitl  excretion,  oleic  acid  being  most  ]Jolent.  Olive 
oil  and  oleic  acid  also  increase  the  level  ol  j)hospholipicl  in  the  lyinph.^^'^**^ 
1  he  signilicance  ol  these  interesting  ol).ser\ til  ions  is  jjoorly  understood. 

It  is  conchitled  that  the  major  portion  ol  phosjjholipids  is  completely 
hydrolyzed  in  the  hnnen  ol  the  intestine  tcj  latty  acids,  glycerol,  phos¬ 
phate,  and  other  comjjonnds.  .A  small  Iraction  escapes  hydrolysis  and  is 
absorbed  intact  intcj  the  epithelial  cell,  presnmably  leaving  the  cell  in  the 
triglyceride  drojjlets  which  go  to  make  up  the  chylomicra  ol  the  chyle. 


REFERENCES 

1.  Artom,  C'..,  and  Swanson,  M.  On  the-  absorption  of  phospholipids.  J.  Biol.  Chem., 

77^:871-881,  1918. 

2.  Barry,  M.  C.,  Eidinolf,  M.  I..,  Dohriiwr,  K.,  and  Ciallaghcr,  T.  j.:  the  fate  of 

('.H-testostcrone  and  (;i  i.piogesterone  in  mice  and  rats.  Endocrinology,  ^77:587- 
599,  1952. 

2a.  Bergstrom,  S.:  Bile  acids:  formation  and  metabolism.  In  Oiha  Eonndation  Syni- 
posinm  on  Biosynthesis  of  lerpenes  and  Sterols  led.  \V Olstenholme,  (i.  E. 
W.,  and  O’Connor,  M.).  Boston,  Little,  Brown  Co.,  1959,  185-205. 

3.  Bergstrom,  S.,  and  Danielsson,  H.:  On  the  action  of  bile  acid  formation  in  the 

rat  liver.  .\cta  physiol,  scandinav.,  •77:1-7,  1958. 

4.  Bergstrom,  S.,  Danielsson,  H.,  and  Samnelsson,  B.:  Eormation  and  metabolism 

of  bile  acids.  In  I.ipide  .Metabolism  (ed.  Bloch,  R.).  New  York,  John  Wiley 
&  Sons,  1960,  291-336. 

5.  Biggs.  M.  W.,  Eriedman,  M.,  and  Byers,  S.  O.:  Intestinal  lymphatic  transport 

of  absorbed  cholesterol.  Proc.  Soc.  Exper.  Biol.  &  .Met!.,  7tV:611  643,  1951. 

6.  Biggs,  M.  W.,  Rritchevsky,  1).,  Colman,  D.,  (.ofman,  J.  W.,  Jones.  H.  B.,  Lindgren. 

E.  I  .,  Hyde,  C..,  and  Lyon,  1.  P.:  Observations  on  the  fate  of  ingested  tholes 
lerol  in  man.  Circnlation,  6:359-366,  1952. 

7.  Blomstrand,  R.:  On  the  intestinal  absorption  of  phospholipitls  in  the  rat.  .\cta 

chem.  scandinav.,  S:  1945-1946,  1954. 

8.  Blomstrand,  R.,  and  Ahrens,  E.  11. ,  Jr.:  .Vbsorption  of  fats  studied  in  a  patient 

with  chylnria.  J.  Biol.  Cihem.,  27 7:327-330,  1958. 

9.  Blomstrand,  R..  I  horn,  N.  .\.,  and  .\hrens.  E.  IL,  Jr.:  '1  he  absorption  of  lats. 

studied  in  a  |>atient  with  chylnria.  Am.  J.  .Med..  24:958-966.  I9;)8. 

10.  Bloom,  B.,  Kiyasn,  J.  V.,  Reinhardt,  W.  ().,  and  Chaikoll,  I.  L.:  Absoiption  of 

phos|)holipides,  manner  of  transpoil  from  intestinal  lumen  to  lacteals.  .\m. 
|.  Phvsiol.,  777:81-86,  1951. 

11.  Bollman.  J.  1...  and  Elock,  E.  \’.:  Cholesterol  in  intestinal  ami  hepatic  Ivmph 

in  the  rat.  .\m.  J.  Physiol.,  764:480  185,  1951. 


CHOLESTEROL,  BILE  SALTS,  AND  PHOSPHOLIPIDS  201 


12.  Borgstiom,  IL:  Studies  of  the  phospholipids  of  human  bile  anrl  small  intestinal 
content.  Acta  chein.  scandinav.,  77;74{),  1957. 

1.8.  Horgstidm,  H.:  Studies  on  intestinal  cholesterol  absorption  in  the  human.  J.  Clin. 
Invest.,  79:809-815,  I960. 

14.  Borgstrom,  B.,  Dahlqvist,  A.,  Lundh,  G.,  and  Sjovall,  J.:  Studies  of  intestinal 

digestion  and  ah.sorption  in  the  human.  J.  Clin.  Invest.,  7(5:1521-1536,  1957. 

15.  Borgstrom,  B.,  I.indhe,  B-.A.,  and  \\'lodawer,  P.:  .Absorption  and  distribution  of 

cholesterol-4-Ci‘i  in  the  rat.  Proc.  Soc.  Exper.  Biol.  &  Med.,  99:365-368,  1958. 

16.  Bradlow,  H.  L.,  Dobriner,  K.,  and  Gallagher,  T.  F.:  4  he  fate  of  cortisone-'E  in 

mice.  Endocrinologv,  57:343-352,  19.54. 

17.  Byers,  S.  ().,  and  Friedman,  M.:  Observations  concerning  the  production  and 

excretif)!!  of  cholesterol  in  mammals.  X\'.  Role  of  the  pancreas  in  intestinal 
absorption  of  cholesterol.  .Am.  J.  Physiol.,  7<92:69-74,  1955. 

18.  Chaikoff,  I.  L.,  Bloom,  B.,  Siperstein,  iM.  I).,  Kiyasu,  J.  5'.,  Reinhardt,  \V.  O., 

nauben,  W .  and  Eastham,  J.  !•.:  Cl4-cholesterol.  I.  Lymphatic  transport 
of  absorbed  cholesterol-4-Ci4.  j.  Biol.  Chem.,  797:407-412,  1952. 

19.  C:heng,  S.,  and  Stanley,  M.:  Variations  in  gastrointestinal  cholesterol  exchange 

in  man  with  acute  changes  in  diet.  J.  COin.  Invest.,  15:696,  1956. 

20.  (.ontardi,  .A.,  and  Ercoli,  .A.:  Gber  die  enzymatische  Spaltung  der  Lecithine  und 

Ey.socithine.  Biochem.  Ztschr.,  2(57:275-302,  1933. 

21.  C.'ook,  R.  P.:  Cholesterol  feeding  and  fat  metabolism.  Biochem.  I.,  56  1630-1636 

1936. 


0‘> 


23. 


24. 


26. 


28. 

29. 

30. 

31. 

32. 

33. 

31. 


Daskalakis,  E.  G.,  and  Chaikoff,  L  L.:  1  he  significance  of  esterification  in  the 
absorption  of  cholesterol  from  the  intestine.  Arch.  Biochem  &  Bioidivs 
.55:373-380,  1955. 

l)id)ach,  R.,  and  Hill,  R.  M.:  The  effect  of  a  sustained  hypercholesterolemia  on 
the  lipides  and  proteins  in  the  plasma  of  the  rabbit.  T.  Biol  Chem  7(55-5‘^l- 
531,1946. 

Epstein,  B.,  and  Shapiro,  B.:  Lecithinase  and  Ivsolecithiuase  of  intestinal  mucosa 
Biochem.  J.,  77:615-619,  1959. 

fiiedman,  M.,  Bvers,  S.  O.,  and  Shibata,  E.:  Observations  concerning  the  production 
and  excretion  of  cholesterol  in  mammals,  f.  Exper.  Med.,  95:107-1  17,  1953 
Erolicher,  E.,  and  Sullmann,  H.:  Die  \'eresterung  von  Cholesterin  bei  der  Resorp¬ 
tion  aus  dem  Harm.  Biochem.  Ztschr.,  277:21-33,  1934.  * 

(-anguly,  J.,  Kifshnamurthy,  S.,  and  Mahadevan,  S.:  The  transport  of  carotenoids, 
vitamin  A  and  cholesterol  acro.ss  the  intestines  of  rats  and  chickens.  Biochem 
J.,  77:756-/62,  1959. 

(dover.  J.,  and  Green,  C.:  Sterol  metabolism.  3.  Ehe  distribution  and  transport 

muco,sa  of  the  guinea  pig.  Biochem.  }.,  57-308- 

31o,  19d7. 

h’  '•>  t.  M.:  Absorption  and  metaboli.sm  of 

dihydrocholesterol  and  beta-sitosterol.  In  Biochemical  Problems  of  Lipids 

lai.pp^^S-.Ss.'"'^  ^  "  Publishers  Inc.', 

Hanahan,  D.  J  Brockerhoff,  H.,  and  Barron,  E.  J.:  The  site  of  attack  of  phos- 
^  lecithin:  a  re-evaluation.  J.  Biol.  Chem..  255:1917- 

Hellman  L.,  Bradlow,  H.  L..  Frazell,  E.  L.,  and  Gallagher,  T.  F.:  Tracer  studies 

Heilman,  L.,  Frazell.  E.  L..  and  Rosenfeld,  R.  S.:  Direct  measurement  of  cholesterol 
alrsoiption  via  the  thoracic  duct  in  man.  J.  Clin.  Invest.,  59:1288-1294  960 

Zie  C  '^  ’t  ^  ^  Gallagher,  I  E 

.  g.  (..-1.,  and  .\dleisberg,  D.:  Is/itojiic  studies  of  plasma  cholesterol  of 
endogenous  and  exogenous  origins.  J.  Clin.  Invest.,  57:48-60  19^,5 
Heilman,  I..,  Rosenfeld,  R.  S.,  Instill,  \V.,  I,.,  and  Ahrens  E  I’l  t  , 


INTESTINAL  ABSORPTION 

.15.  Heinaiidez,  H.  H.,  Chaikofl,  I.  I..,  Daiihpii,  \V.  Ci.,  and  Abiaham,  .S.;  The  absorption 
of  CH-lal)cled  epicholcsterol  in  the  rat.  J.  Biol.  Cdiein.,  206:757-765,  1954. 
.16.  Meinandez,  H.  H.,  Chaikoff,  I.  L.,  and  Kiyasn,  J.  5’.:  Role  of  pancreatic  juice  in 
cliolesterol  absorption.  Am.  J.  Physiol..  /,9/:52.5-526,  19.55. 

.47.  I\y,  .\.  C.,  Kaivinen,  K.,  Lin,  I.  M.,  and  Ivy,  K.  K.:  .Some  parameters  of  sterol 
metabolism  in  man  on  a  sterol-  and  fat-free  diet.  J.  Appl.  Physiol.,  7/:  1-7,  1957. 

38.  Kates,  M.:  Lipolytic  enzymes.  In  Lipide  Metabolism  (ed.  Bloch,  K.).  New  York, 

John  Wiley  &  Sons,  1960,  pp.  165-237. 

39.  Kim,  K.  .S.,  and  Ivy,  C.:  Factors  influencing  cholesterol  absorption.  .\m.  |. 

Physiol.,  777:302-318,  1952. 

10.  Kiin.sky,  N.  I.,  Cornwall,  D.  G.,  and  Oncley,  J.  L.:  The  transport  of  vitamin  A 
and  carotenoids  in  human  plasma.  Arch.  BitKhem.  &  Biophvs.,  77:2.33-246,  19.58. 

41.  Kritchevsky,  D.:  Cholesterol.  New  York,  John  AViley  &  .Sons,  Inc.,  1958. 

42.  l.ack,  L.,  and  Weiner,  1.  M.:  In  intro  absorption  of  bile  salts  by  small  intestine 

of  rats  and  guinea  pigs.  .\m.  J.  Physiol.,  2dd:313-3l7,  1961. 

43.  Le  Breton,  E.,  and  Pantaleon,  J.;  Presence  dans  le  sue  pancreatique  d'une  choles- 

terolesterase  et  d’une  l^cithase:  mode  d’action,  importance  phvsiologirjue. 
.\rch.  sci.  et  physiol.,  7:63-78,  1947. 

44.  Mueller,  J.  H.:  The  mechanism  of  cholesterol  absorption.  J.  Biol.  Chem.,  27:163- 

480, 1916. 

45.  Mueller, ^J.  H.:  The  a.ssimilation  of  cholesterol  and  its  esters.  J.  Biol.  Chem., 

22:1-9,  1915. 

16.  Peterson,  D.  W.:  Effect  of  soybean  sterols  in  the  diet  on  plasma  and  liver  cholesterol 
in  chicks.  Proc.  Soc.  Exper.  Biol.  .3:  Med.,  75:143-147,  1951. 

47.  Peterson,  D.  5V.,  Shneour,  E.  A.,  and  Peek,  N.  E.:  Effects  of  dietarv  sterols  and 

sterol  esters  on  pla.sma  and  liver  cholesterol  in  the  chick.  J.  Nutrition, 
57:451-459,  1954. 

48.  Pihl,  A.:  The  effect  of  dietary  fat  on  the  intestinal  cholesterol  absorption  and  on 

the  cholesterol  metabolism  in  the  liver  of  rats.  .\cta  physiol,  .scandinav., 
7-/:  183-196,  1955. 

19.  Popjak,  G.:  The  effect  of  feeding  cholesterol  without  fat  on  the  plasma-lipids  of 
the  rabbit.  The  role  of  cholesterol  in  fat  metabolism.  Biochem.  I.,  7d:608-62l, 
1946. 

.50.  Portman,  O.  W.,  and  Mann,  The  disposition  of  taui  ine-.Sis  and  taurcKho- 

late-.S'is  in  the  rat:  dietarv  influences.  J.  Biol.  Chem.,  27  5:733-743,  1955. 

51.  Sano,  .M.:  Contribution  a  I'etude  du  mode  de  Eabsorption  dc  la  cholesterine. 

I'ohoku  J.  Exper.  Med.,  7:417-425,  1924. 

52.  Sebmidt.  (i.,  Bessman,  M.  J.,  and  I'hannhauser.  .S.  J.:  Enzymic  hydrolysis  of 

cephalin  in  rat  intestinal  mucosa.  Biochim.  et  hiophys.  acta,  27:127-138,  1957. 

53.  Schonheimer,  R.:  New  contributions  in  sterol  metabolism.  .Science,  77:579-584,  1931. 
51.  .Scbdnheimei ,  R.,  von  Behring,  H.,  and  Hummel,  R.:  t)ber  die  Spezifitat  der 

Resorption  von  Sterinen,  abhiingig  von  ihrer  Konstitution.  Ztschr.  physiol. 
Chem.,  792:117-123,  19.30. 

55.  .Schonheimer,  R.,  and  Hummel,  R.:  Beitrage  zur  Erage  nach  der  Ester-Resorplion. 

Ztschr.  physiol.  Chem.,  792:114-116,  1930. 

56.  Shapiro,  B.:  Enzymatic  formation  of  glycerophosphorylcholinc.  Nature,  769:29-30, 

19.52. 

57.  Siperstein,  M.  I).,  Chaikoff,  1.  L.,  and  Reinhardt.  4V.  O.:  C.H  cholesterol.  5.  Ob¬ 

ligatory  function  of  bile  in  intestinal  absorption  of  cholesterol.  J.  Biol.  C.hem., 
795:111-114,  1952. 

58.  .Sjovall,  J.,  and  Akesson,  L:  Intestinal  ahsorption  of  taurocholic  acid  in  the  rat. 

.\cta  physiol,  scandinav.,  77:273-278,  1955. 

59.  Sperry,  W .  M.,  and  Bergman,  Ifie  al)sorbability  of  sterols  with  particulai 

reference  to  ostreasterol.  J.  Biol.  Chem.,  779:171  176,  1937. 

60.  Stanley,  .M.  M.,  ami  C.heng,  S.  11.:  (holesterol  exchange  in  the  gastrointestinal 

tract  in  normal  and  abnormal  subjects,  (.astroenterologv,  59:62-71,  19.56. 

61.  Swell.  1...  Boiter,  I  .  Eield.  H..  Jr.,  and  I  readwell.  G.  R.:  .\l»sorption  of  dieiars 

cholesterol  esters.  .\m.  J.  Physiol.,  759: 1 29- 132,  19.5.). 


CHOLESTEROL,  BILE  SALTS,  AND  PHOSPHOLIPIDS  20.3 

1)2.  .Swell,  I,.,  Boiler,  I  .  Field,  IF,  Jr.,  and  Ireadwell,  C.  R.:  Fliolesleiol  esterase 
activity  of  tissues.  .\in.  J.  Physiol.,  /^/:  193-195,  1955. 

63.  Swell,  L.,  Field,  fF,  Jr.,  and  Freadwell,  C.  R.:  Sterol  specilicity  of  pancreatic 
cholesterol  estera.se.  Proc.  ,Soc.  Exper.  Biol.  &  .Med.,  ^7:216-218,  1955. 

61.  I  attrie,  N.  H.:  Positional  distribution  of  saturated  and  unsaturated  fatty  acids 
on  egg  lecithin.  J.  Lij).  Res.,  7:60-65,  1959. 

65.  I'sung-.Min,  F.,  Karvinen,  E.,  and  Ivy,  A.  C.:  Ellect  of  exclusion  of  pancreatic 
juice  on  the  relation  of  dietary  fat  to  cholesterol  absorption.  .Am.  J.  Physiol., 
7  75»:  680-681,  1954. 

()6.  N'ahouny,  (F  \’.,  Mayer,  R.  M.,  and  Fieadwell,  C,.  R.:  Foinjrarison  of  lyinphalit 
absorption  of  dihydrocholesterol  and  cholesterol  in  the  rat.  Arch.  Biochem. 
&  Biophys.,  ,!f(5:215-218,  1960. 

67.  \'ahouny,  G.  A',  and  Freadwell,  C.  R.:  .Ah.sorplion  of  cholesterol  in  the  lyniph- 
hstula  rat.  Am.  J.  Physiol.,  795:516-520,  1958. 

(iH.  A'ahouny,  (..  \'.,  and  Freadwell,  G.  R.:  Gomparative  elfects  of  dietary  fatty  acitls 
and  triglycerides  on  lymj)h  lipids  in  the  rat.  .Am.  J.  Physiol.,  796:881-883,  1959. 

69.  A'ogel,  W.  C.,  and  Zieve,  L.:  A  lecithinase  ,A  in  duodenal  contents  of  man.  J.  Glin. 

Invest.,  79:1295-1301,  1960. 

70.  Weiner,  1.  M.,  and  Lack,  F.:  Personal  communication. 


CHAPTER 


Nucleic  Acid  Derivatives 


Altiioiigh  tlieie  is  now  coiisitlerable  intonnaiicjn  on  the  syn- 
thesis  ot  nucleic  acids  there  is  ninch  less  data  concerning  their  breakdown, 
especially  in  the  gastrointestinal  tract.  Lbitil  very  recently  there  had 
been  lew  attempts  to  discover  the  chemical  lorm  ol  the  nucleic  acid 
derivatives  absorbetl  Irom  the  small  intestine. 


HYDROLYSIS  OF  NUC  LEIC;  AC  IDS 

Levene  and  Medigreceamd'  in  1911  jjroposed  the  first  clear  classi- 
lication  ot  en/ymes  responsible  lor  the  hydrolysis  ot  nucleic  acids.  T'hey 
distinguished  between  nucleases,  mu leotidases,  and  nucleosidases,  jones^ 
was  the  lirst  to  demonstrate  that  nuclease  (leaves  internucleotide  bonds 
without  the  liberation  ot  inorganic  phosjdiate  or  Iree  bases.  T  he  jirodiicts 
ot  mu  lease  action  consist  ol  a  large  series  ot  j^olymu  leotide  tragments 
which  cannot  be  tnrther  hydroly/ed  by  this  en/yme.  T  he  small  intestine 
possesses  one  or  more  phosj>hodiesterases  which  reduce  the  polynucleo¬ 
tides  to  individual  nucleotides  (see  review  by  Khorana^). 

Studies  ol  London  and  .S(  hittenhelnd-  in  St.  Petersburg  and  Levene 
and  .Medigreceann'"' •'  at  the  Rocketeller  Institute  established  the  hut 
that  rapid  dejdmsphorylation  ot  nucleotides  (Kcnrred  within  the  small 
intestine.  An  interesting  exiieriment  is  one  by  the  Rockeleller  group'*’ 


204 


NUCLEIC  ACID  DERIVATIVES 


205 


who  inciilialed  guanylic  acid  with  a  sample  ol  intestinal  secretion  sent 
by  Pavlov  from  St.  Petersburg.  7’he  solution  of  enzyme  and  guanylate 
soon  betaine  turbid  and  on  staiuiing  crystals  of  jjure  guanosine  formed. 
.Associated  with  the  formation  of  guanosine  was  the  appearance  of  an 
equi\'alent  amount  of  inorganic  jrhosphate.  All  of  the  purine  and  pyri¬ 
midine  nucleotides  arc  rapidly  hydrolyzed  to  the  nucleoside  in  the  small 
intestine.  Whether  there  is  a  specific  nucleotidase  separate  from  the 
nonspecific  alkaline  phosj^hatase  is  not  known. 

Hydrolysis  of  nudcosides  to  free  bases  has  been  known  for  many 
years  but  not  until  1947  was  its  mechanism  elucidated.  Kalckar^  showed 
that  instead  ol  a  hydrolysis  the  rcai  tion  was  phosphorylysis.  7'he  reaction 
is: 

Nucleosicic  -(-  phosphate  ^  ^  free  liase  -(-  pentose- 1 -phosphate. 

kricdkin  and  Roberts'^'"*  have  studied  such  an  enzyme  in  the  small  intes¬ 
tine  that  reacts  with  either  thymidine  or  uridine.  All  available  tlata  arc 
consistent  with  the  view  that  nucleoside  phosjjhorylasc  reactions  are  re- 
sj)onsible  lor  coiuersion  ol  nucleosides  to  free  bases  in  the  intestine.  Por 
example,  in  xntro  studies^s  have  shown  that  during  the  formation  of  free 
base  from  uridine  the  ribose  moiety  disappears.  As  free  ribose  is  not 
utilized  by  the  tissue  it  is  inferred  that  ribose  derived  from  the  hydrolysis 
of  nucleoside  is  not  in  the  free  form  but  jiresumably  exists  as  ribose- 1- 
j)hosphatc  within  the  cell. 


Pyrimidine  Nucleotides 

The  hydrolysis  of  pyrimidine  nucleotides  by  hamster  intestine  was 
lecently  studied  by  Wilson  and  Wh’lson,^^  using  paj)er  chromatography 
to  sejiarate  the  products  of  hydrolysis.  When  thymidine-5'-phosphate  was 
placed  on  the  mucosal  side  of  everted  sacs  of  hamster  intestine  there  was 
a  lajjid  hydrolysis  to  the  nucleoside.  There  was  an  extremely  slow  hydroly¬ 
sis  ol  the  nucleoside.  In  one  experiment  thymine  was  found  only  in 
small  amounts. 

Tridylic  acid  was  hydrolyzed  rapidly  to  the  nucleoside  which  was 
slowly  converted  into  uracil  (Figure  9.S).  The  hydrolysis  of  cytidylic  acid 
was  somewhat  more  complicated  than  that  of  the  other  two  pyrimidine 


■Tabic  46.  Si  QeKNCK  oi  Stkps  Dvrinc,  Hm)r()i  ^ms  oi  NeeMonnKs  in  rm  {.ex 

Pyriwidines: 

1.  'I  byniidylic  acid  - >  thymidine  - >  thvminc 

2.  Tridylic  acid  - >  uridine  - >  uracil 

3.  C.ytidylic  acid  >  cytidine  - >  uridine 

Ptirines: 

1.  Adenylic  acid  - >  adenosine 


uracil 


xanthine  - >  uric  acid 

2.  Cuanvlic  acid 


>  iuosine  - >  hvpoxanthine 

1 1C  acid 

>  guanosine  - > 
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litrure  91.  I'lidinc -5'- phos¬ 
phate  hydrolysis  l)y  rat  intestine. 
An  everted  sac  of  rat  jejnnnin  was 
incidiated  for  1  hour  at  37°C;.  in 
.3  ml.  solution  containing  the  nucle¬ 
otide  (10  inM.).  (Wilson  and  Wil¬ 
son:  J.  Biol.  Chein.,  211,  1958.) 
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nucleotides  as  an  additional  deamination  stejj  is  iincjhed.  Although  the 
main  product  was  the  nucleoside,  cyticline,  some  deamination  of  the 
cyticline  occurred  to  prodticc  uridine  and  some  uridine  was  converted  to 
uracil,  d’he  secjnencc  of  action  is  shown  in  Table  1().  In  agreement  with 
this  se(|nence,  added  cytosine  did  not  increase  the  inacil. 

Purine  Nucleotides 

Hydrolysis  of  purine  nucleotides  jirc^vcd  to  he  somewhat  more  in- 
\()lved  than  that  for  pyrimidines.  Wilson  and  W'ilson^'  found  that  incu¬ 
bation  of  hamster  intestine  with  adenylic  acid  resulted  in  the  production 
of  as  many  as  five  different  j)roclucts,  which  could  he  separated  by  two 
chromatographic  jjroceclurcs.  .\s  with  all  of  the  nucleotides,  the  remo\aI 
of  the  [)hc)sphate  was  extremely  rajiicl  (Figure  Of).  As  large  amounts  ol 
inosine  and  otdy  small  amounts  of  adenosine  were  produced,  it  was 
inferred  that  adenosine  deamina.se  is  an  extremely  jx^tent  en/yme  in 
the  intestine,  (lonway  and  Clooke-  had  jjreviously  shown  that  in  the 
rabbit  adenosine  deaminase  was  most  active  in  the  appendix  and  jc- 
jenum,  while  the  ileum,  cecum,  and  colon  were  much  less  active.  No 
inosinic  acid  was  ever  detected  in  the  in  vitro  ex|)eriments  so  that  deami¬ 
nation  at  the  nucleotide  level  is  uidikely.  Fhe  conversion  of  inosine  to 
hypoxanthine  is  probalily  carried  out  by  a  phosphorylase  although  the 
other  j)rodn(t  of  the  reaction,  ribose- 1 -phosphate,  was  not  isolated.  Xan¬ 
thine  oxidase  then  converts  hypoxanthitie  to  xanthine  and  uric  acid. 
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/ugure  94.  Acleiiosiiie  ^'-pliospliate  h)cirolysis  by  lianistei  intestine.  .\n  e\eited 
sac  of  hamster  jejimnin  was  incubated  for  90  min.  at  37°C.  in  5  ml.  of  a  solution  con¬ 
taining  the  nucleotide  (2()mM.).  (Wilson  and  Wilson:  J.  Riol.  Cihem.,  in  press.) 


1  he  latter  enzyme  had  previously  been  studied  in  the  intestine  by 
Morgaid-*  and  by  W'esteiield  and  Richert.^o 

Incubation  of  intestinal  segments  in  guanylic  acid  resulted  in  the 
formation  of  guanosine,  xanthine,  and  uric  acid  (Figure  95).  It  is  be- 
lie\ed  that  guanosine  is  ccjiicerted  to  guanine  followed  by  concersion  to 
xanthine.  This  view  is  suppcjrted  by  the  observation  that  guanine  is 
lapidly  conveited  to  xanthine  while  xanthosine  (a  possible  intermediate) 
is  not  metabolized  under  these  conditions. 


Fate  of  Ribo.se  and  Deoxyriliose 

.\s  mentioned  above,  ribose  could  never  be  recovered  in  appreciable 
amounts  during  conversion  ol  uridine  to  uracil.  As  free  ribose  is  not 
metabolized  by  the  intestinal  tissue,  it  was  inferred22  that  the  tissue  had 
metabolized  it  in  some  other  form.  As  a  pyrimidine  phosphorylase  is 
known  to  be  jiresent  in  the  tissue  in  large  amounts,  it  is  reasonable  to 
suppose  that  ribose-1 -phosphate  was  formed  within  the  cell  and  metabo¬ 
lized.  If  a  considerable  fraction  of  nucleotides  is  reduced  to  the  level  of 
the  free  base  prior  to  or  during  absorption,  a  corresponding  amount  of 
ribose  will  be  made  available  to  the  intestinal  epithelial  cells  in  the  form 
ol  the  phosphorylated  sugar.  As  ribose  phosphate  is  readilv  metabolized 
and  since  cell  membranes  are  virtually  impermeable  to  organic  phos¬ 
phate.  It  IS  (|u.te  probable  that  most  of  the  ribose  is  metabolized  within 
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Figitit-  9‘>.  Ciuanosiiie-^'.S'-inoiiophosphali-  hytirolysis  by  liainstcr  intestine.  .Vn 
everted  sac  of  hamster  jejunum  was  intubated  90  min.  at  37°C.  in  5  nd.  of  a  .solution  of 
the  nuileotide  (2()mM.).  (\\  ilson  and  W  ilson:  J.  biol.  Cibem.,  in  press.) 


the  tell  and  not  ahsoibed  into  the  hlootl  stream.  II  this  view  is  collect 
it  will  provide  a  new  aiitl  interesting  pathway  lor  the  absorption  ol  a 
dietary  constituent. 


AltSORPTION  OF  NUCLEIC;  ACID  DERIVATIVES 

Xiitleic  acids  present  in  the  diet  are  normally  tomjiletely  absorbetl. 
.\  variety  ol  early  leediiif*  experiments  iiulicated  that  some  intestinal 
absorj>tion  ol  the  sj^lit  products  ottinred  belore  complete  hydrolysis  to 
I'ree  base,  l  luis,  N '^-labeled  micleit  at  ids*®  led  to  animals  were  incor- 
poratetl  into  the  purines  and  jjyrimidines  ol  body  nucleit  acitls  while  no 
incorporation  was  olrserved  following  ingestion  of  similarly  labeletl  free 
bases,  guanine,*^  hyjioxanthine,®  xanthine,^ m  at  il,'®  thymine,*^  or  cytosine.* 
Injection  of  N*®  nucleosides®  or  nut  leotides®  into  rats  letl  to  inctirjKiration 
t)f  isotope  into  botly  nucleic  acitls.  I  he  much  greater  incorj>t)i ation  of 
ingested  nucleic  acitl  than  t)f  free  base  iiulitates  the  absorption  of  some 
intermetliate.  It  coultl  not  be  tleterminetl  tlirettly  from  these  stutlies. 
however,  what  fractitin  of  ingestetl  mu  leit  at  itls  pass  at  ross  the  intestinal 
epithelium  in  the  tlilferent  themital  forms. 

.Although  the  prevituis  tlaia  suggesietl  that  at  least  some  ol  the 
fragments  of  nucleic  acitl  tligestion  ate  absorbetl  in  the  form  ol  nutleo- 
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tides  and  nucleosides,  the  intestine  possesses  considerable  caj>acity  lor 
the  absorption  of  the  free  bases.  In  1910  Mendel  and  Myers^’’^  found 
that  thymine,  uracil,  and  cytosine  were  absorbed  by  the  rabbit  and  man. 
'I'hree  gram  doses  of  each  of  the  three  bases  were  ingested  on  sej)arate 
occasions  by  one  of  the  authors  and  the  compounds  were  aj^parently 
completely  absorbed. 

When  everted  .sacs  of  hamster  intestine  were  incubated  in  the  jne.s- 
ence  of  a  .series  of  pyrimidine-5'-nucleotide.s,  a  mixture  of  nuclecjsicle 
and  free  base  apj^eared  on  the  serosal  side  of  the  intestinal  wall,  but  no 
nucleotide  Avas  detected. 22  .Similar  results  tvere  obtained  Avith  purine 
nucleotides. 2*  The  nucleoside  j^robably  moves  across  the  Avail  by  diffusion, 
as  attempts  to  demonstrate  actixe  transjiort  against  a  concentration 
gradient  failed. 

.\n  actixe  transport  system  in  rat  intestine  for  pyrimidine  bases 
Avas  discoA'ered  by  Schanker  and  Tocco.^®  Thymine,  uracil,  5-fluorouracil 
and  5-brc)mouracil  Avere  transported  against  concentration  gradients  by 
exerted  sacs  of  rat  intestine  (Table  47).  The  affinities  of  both  uracil  and 
thymine  for  the  transport  system  are  similar  (Kt  ecpials  about  0.3  mM.). 
A  study  of  the  absorption  of  these  compounds  in  vix'o  indicated  that 
Avhen  the  concentration  in  the  lumen  xvas  aboxe  about  1  to  5  mM.  con¬ 
siderable  cjuantities  xvere  absorbed  by  diffusion,  as  the  transport  system 
had  been  saturated.  Thymine  and  uracil  apparently  share  the  .same  trans¬ 
port  system  since  uracil  competitively  inhibits  thymine  transj3ort  (Figure 
96).  The  pyrimidine  transport  system  is  entirely  separate  from  the  sngar 
and  amino  acid  ])umps  as  shoxvn  by  the  fact  that  neither  glucose  nor 
L-histidine  had  any  inhibitory  effect  on  thymine  transport  (Table  48). 

ft  Avould  be  interesting  to  knoxv  Axhether  the  jmrine  bases  share  the 
.same  transport  system.  Mypoxanthinc  possesses  considerable  affinity  for 


PA  RIMIDINF 


Table  47.  Acn\  r.  I  ran.spor  i  of  Pa  RistiniNFS 


c:0\r,.  OF  PA  RIMIDINF  (ill  M  .) 


INITI.AI, 
MCCOSAI  AND 
.SFROSAL 


FINAI. 

MCCOSAI, 


FINAI. 


SI  ROSAI. 


FINAI,  rONC.  RATIO 
SEROSAL  SIDE 
MCCOSAE  SIDE 


Thvmine 

0.020 

0.014 

0.039 

2  8 

I’racil 

0.020 

0.012 

0.056 

4  7 

SHiioroiiraril 

0.020 

0.01 1 

0.049 

4  5 

5-Riomoiiracil 

0.020 

0.013 

0.039 

3.0 

of  cvcrlcl  jejunu,,,  wre  filled  will,  2  ml.  of  a  solulioi,  comainins  a  CH.|al>clcd 

rompoond  and  ,nr„ baled  fo,  one  l,o„,  in  a  beaker  eontaining  15  ,nV,  of  ihri'ne 
«>ltmon.  liala  laken  frotn  .Scbankei  an<l  Tocco:  ).  Pharniaeol,  Ik  Kxper.  I  heian  /ae.i  ir 
I960,  and  from  Sehankcr  and  Jeffrey:  Nature,  London,  /90:727,  1961  • 
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Figure  96.  Competitive  in- 
hil)ition  of  thymidine  transport 
by  uracil.  Thymidine-2-Ci4 
(0.1  inM.)  absorption  was  meas¬ 
ured  by  a  recirculation  method 
in  anestheti/ed  rats.  ('Schanker: 
f.  Pharmacol.  c<:  Kxpei .  I  herap., 
/26,  I960.) 


ly^THYMINE  CONCENTRATION  (mmol/I) 


the  system  as  it  is  a  potent  inhibitor  of  thymine  transport  (Table  18). 
On  the  other  hand  xanthine  and  uric  acid  are  weaker  inhibitors  and 
adenine  lias  little  or  no  inhibitory  effect.*”  I  ranspoit  against  a  concen¬ 
tration  gradient  could  not,  howc\er,  be  shown  for  hyj)oxanthine*®®  but 
its  metabolism  to  xanthine  and  uric  acid  makes  it  unsuitable  for  transport 
studies.  Some  of  the  purines  may  enter  the  cell  by  the  pyrimidine  trans- 
j>ort  carrier  and  then  may  be  metabolized. 


Tabic  1><.  Akhmiv  of  Scbsi ancfs  for  imf,  Pvrimidinf  I  r  wsport  Svstfm 
(Inhiriiion  of  riiVMiNK  I  ransporf) 


Sl’BSTANCF 

PFR  CFNT  tNItlBtllON  OF  ItlVMtNF  TRANSPORT 

AT  TItF,  FOt  t  OWIN(.  IMIIBtTOR  CONCF.NTR ATTONS 

.5  niM. 

10  inM. 

I’racil 

99 

100 

Hvpoxanthine 

77 

94 

Cytosine 

34 

45 

6-Azathvmine 

25 

38 

6-Azauracil 

16 

30 

i.-histidine 

0 

0 

D-glucose 

0 

0 

A  0.1  mM.  solution  of  thyminc-2-f containing  5  or  10  niM.  of  a  possible  inhibitor, 
was  circulated  through  the  small  intestine  of  an  anesthetiml  rat  for  one  hour.  The 
amount  of  thymine  absorbed  by  the  transport  system  was  calculated.  Data  takcti  from 
Schanker  and  1  occo,  J.  Pharmacol.  &  Kxper.  Iherap.,  12^:115,  1960. 
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CHAPTER 


Proteins 


In  the  j^rececling  chapteis  considerable  enijihasis  has  been 
placed  on  the  iinpernieability  ol  the  adidt  inannnalian  small  intestine  to 
large  inolecnles.  It  has  been  stated  that  water-soluble,  lipid-insohdjle 
compounds  with  a  molecidar  weight  ol  a  lew  hundred  are  absorbed 
jjoorly,  il  at  all.  In  many  lower  lorms  ol  animals,  however,  (e.g.,  j>lanaria), 
phagocytosis  ol  large  loot!  particles  is  tlie  primary  means  ol  ingestion.  In 
the  embryo  and  newborn  mammal  this  more  jiiimitive  mechanism 
jjersists.  T  here  is  considerable  variation  in  the  length  ol  time  this  phago- 
cytotic  or  pinocytotic  mechanism  j^ersists  alter  birth,  from  a  day  or  two 
(call)  to  a  lew  weeks  (rat).  Furthermore,  the  sj^ecihcity  ol  the  ingestion 
juaxess  \aries.  F.ven  in  the  adult  mammal  intact  j)rotein  molectdes  are 
abs(^ibed,  but  normally  only  in  antigenic  amounts.  T'liis  absorption  in 
the  atluh  is  insignili( ant  liom  a  nutiitional  jjoint  ol  view. 


NEWBORN  ANIMALS 

From  a  teleological  point  ol  view  the  retention  ol  tlie  j>rimitive 
lunction  is  e.xceedingly  uselul,  il  not  essential,  lor  certain  newborn 
animals,  since  lor  tliese  species  intestinal  absorption  ol  antibodies  ol  the 
((dostrum  is  the  sole  means  ol  transmission  ol  passive  immunity  Irom 
mother  to  ollspi  ing.^  T  his  medianism  is  poorly  dexelopeil  in  animals 
that  tiansler  antibodies  througb  the  platcnta  (e.g..  human,  rabbit,  and 


212 


PROTEINS 


213 


guinea  pig),  lor  animals  Ijorn  without  ]jassi\e  immunity  against 
inlection  (e.g.  ungnlates,  horse,  and  pig)  tlie  absorption  ol  colostral  anti¬ 
bodies  is  extensi\e  (  Paiile  49).  I'he  rat,  mouse,  dog,  and  cat  comprise  an 
intermediate  grou]>,  obtaining  some  antibody  transler  in  utero  and  some 
alter  birth. 


Table  -19.  I  ime  of  I  rassmission  of  Passive  Immunity  in  Mammals 


STFCIFS 

TRANS.MISSION 

OF  PASSIVE  IMMUNITY 

PRENATAL 

POSTNATAL 

Ox,  goat,  sheep 

0 

+  +  -t- 

(36  hr.) 

Pig 

0 

+  +  + 

(36  hr.) 

Hoi.se 

0 

+  +  + 

(36  hr.) 

Dog 

+ 

•  + 

(10  days) 

.Mouse 

+ 

r  + 

(16  days) 

Rat 

+ 

+  + 

(20  days) 

(.uiiiea-pig 

+  +  + 

0 

Rabbit 

+  +  + 

0 

.Mail 

+  +  + 

0 

Taken  from  Brambell:  Biol.  Rev.,  ii;488.  1958. 


-Appal ently,  the  first  demonstration  ol  passive  immunity  Irom  mother 
to  young  was  by  Ehrlich  in  1892.'^  Subsecpiently,  Culbertson  clearly 
demonstrated  passage  ol  immunity  from  mother  to  offspring  through 
colostrum  in  the  rat.^o-  ^  In  the  call,  the  unexpected  finding  ol  protein- 
mia  by  Smith  and  Little^^  discovery  that  newborn  calves  (up 

to  three  days  old)  absorb  massive  tpiantities  of  intact  proteins  ol  the 

colostrum  and  imlk,  the  molecules  ol  lowest  molecular  weights  spilling 
out  in  the  urine. 


Route  of  .Alj.sorption 

In  19.4.)  Alexandei,  Shirley,  and  .AlleiP  demonstrated  that  the  lym- 

p  latics  were  the  route  ol  absorption  of  egg  white  in  adult  cloys.  Comline 

RolK-its.  and  1  itclR-n”  recemly  compared  the  tlioracic  duct  with  the 

portal  vein  a,s  the  route  of  ahsorption  of  colostrum  protein  in  tite  calf 

No  ahsorption  oicurretl  by  way  of  the  portal  vein.  I  hey  found  a  (id  to 

l-(  imnnte  delay  between  introduction  of  colostrum  into  the  duodenum 

and  the  appearance  ol  colostral  protein  in  the  thoracic  duct.  As  much  as 

I-  fdu.  ol  colostrum  proteins  were  obtained  from  the  intestinal  Ivtn- 

l-l.a.tcs  m  ten  minutes.  Similar  observations  were  made  with  ki.ls  led 

Nfay  and  kkhale,-  hate  loumi  that  botulintts  toxin  was 

a  .sotltetl  throttgh  the  lymphatics  in  the  rabbit.  I  hev  also  demonstrated 

•Itat  dtterston  ol  lytnpl,  front  the  body  by  catnutlation  protected  rats 
against  loxuity.  M'^iccicu  lats 
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Specificiiy 

C^onsi(leral)le  variation  in  sjjecificity  ot  protein  absorption  is  seen 
in  clifierent  animals.  I'lie  tall  apparently  sliows  little  iliscriniination  be¬ 
tween  proteins. It  absorbs  both  albinnin  and  globulin  trom  colostrum 
at  similar  rates.  In  this  regard  the  call  dillers  Irom  the  rat,  which  absorbs 
globulin  50  times  as  rapidly  as  it  does  albumin  (Table  50).  1  lalliclay*'* 
has  shown  that  the  young  rat  absorbs  antibodies  clerixed  from  the  same 
s[jecies  most  rapiclily,  those  Irom  mouse  and  rabbit  moderately  well 
and  those  Irom  the  tow  and  lowl  not  at  all.  The  pig  has  been  shown-^  to 
absorb  loreign  proteins  Irom  the  cow  and  chicken  as  well  as  polyvinyl- 
j>yrroliclone,  a  nonj>roteln  substance  ol  a  molecular  weight  ol  20,000. 
On  the  other  hand,  there  is  an  imjjortant  t|uantitative  dillerence  between 
the  absorjjtion  rates  of  clillerent  j)roieins.  Payne-*^' has  shown  that  the 
jjigiet  absorbs  gamma  globulin  Irom  the  colostrum  ol  the  cow,  sheep, 
clog,  and  human  at  a  very  much  slower  rate  than  gamma  glcjbulins  Irom 
pig  colostrum.  Intrajjcritoneal  injection  of  all  the  above  substances 
results  in  a  ]>rompt  rise  in  blood  gamma  globulins  in  the  jiiglet. 


Table  ’>0.  Intestinai,  Ahsorpiion  of  Ai.bcjmin  and  Cu  oiut.in  by 
Sex’en  and  Twemv-one  Day  Oi.d  Rats 


AC.E  OF 

RF.C;il>IENT  RATS 

(days) 

SI*EC;iES  OF  EABF.I.ED 

SERUM  GIVEN 

AMOUNT  OF  FED 

AI.BU.MIN  IN  THE 

BEOOD 

(%) 

AMOUNT  OF  FED 

GLOBUI.IN  IN 

THE  BEOOD 

(%) 

/ 

Rat 

0.12 

5.1 

Rabbit 

0.06 

1.9 

Monkey 

0.06 

2.8 

21 

Rat 

0.06 

<  0.5 

Rabbit 

0.04 

<  0.5 

Monkey 

0.02 

<  0.5 

Serum  from  three  (lillereiit  animals  was  iodinated  witii  n’H  and  fed  to  young  rats. 
Radioactivity  in  tlie  recipient’s  serum  was  determined  three  hours  after  feeding.  Data 
taken  from  Hangham  and  l  erry:  Biochem.  J.,  6(5:579,  1957. 


Heterologous  gamma  globulins  interfere  with  the  intestinal  absorp¬ 
tion  of  homologous  antibodies.  I  bis  “interference”  has  been  observed  in 
the  mouse2«  a^cl  the  rat.*'  Rabbit,  human,  guinea  pig,  and  bovine  .serums 
had  a  marked  effect  in  reducing  absorption  ol  rat  antibodies  by  the 
suckling  rat.  Mouse,  hamster,  and  sheep  serums  do  not  interfere.  Hrambell 
et  al.-*  have  shown  that  this  interfering  effect  is  due  solely  to  the  globulins 
in  the  serums  and  not  the  albumins.  The  gamma  globulin  must  be  in  cou- 
siclerable  cpiantity  in  proportion  to  the  immune  globulin  to  be  etlective.  It 
has  been  concludecH  that  globulins  compete  with  one  another  lor  a 
conmum  site  of  absorption  in  the  intestinal  mucosa.  I  his  suggests  that 
the  mechanism  involves  highly  sj)ecific  binding  sites. 
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Duration  of  Protein  Absorption 

It  has  been  known  since  192P'*  that  jiroteinuria  in  cahes,  and 
colostrum  aljscjrjition,  occurs  only  during  tlie  first  two  or  three  days  after 
birth.  Deutsch  and  Sinitld^  lia\e  shown  tliat  tlie  cajiacity  for  jnotein 
absorjition  in  the  calf  is  largely  lost  alter  the  first  24  hours  and  that  this 
jieriod  could  not  be  prolonged  by  treatment  with  hormcjiies  or  other 
measures.  However,  Halliday'"  showed  that  antibcxly  absorption  in  the 
rat  falls  gradually  from  the  first  day  to  the  eighteenth  day  and  is  com- 
jiletely  lost  at  21  clays  (  Table  49).  In  mice,  absorjjtion  of  ioclinated, 
homologous  gamma  globulin  falls  sharjdy  between  the  fifteenth  and  seven 
teenth  clays.  Ciortisone  has  been  found  to  shorten  the  jjeriod  of  protein  ab- 
sorjition  in  the  rat."-  l^ayne--^  has  found  that  the  jieriod  after  birth  be¬ 
fore  protein  absorption  ceases  can  be  extended  by  feeding  the  newborn  pig 
a  jirotein-free  diet,  d  ims,  animals  fasted  or  led  glucose-water  for  three 
clays  will  then  absorb  gamma  globulin  from  colostrum.  Once  an  animal’s 
intestine  has  been  exposed  to  protein  it  abscnbs  for  12  to  24  hours  and 
then  loses  this  capacity  for  the  remainder  of  the  animal’s  life. 


Factors  Protecting  Proteins 

Proteins  may  be  partially  protected  from  hydrolysis  in  the  gut  by 
trypsin  inhibitor  in  the  colostrum.  The  relative  activity  of  the  inhibitor 
varies  with  the  sjiecies.  Cow  colostrum  is  ten  times  as  active  as  human 
and  sow  colostrum  is  about  70  times  as  active  as  human.23  The  concern . 
tration  of  this  inhibitor  in  the  colostrum  of  the  jng  falls  to  almost  zero 
in  fi\e  clays.  1  his  has  led  Laskowski  et  al.^^*  24  suggest  that  antibodies 
are  specifically  protected  against  jnoteolytic  activity  during  the  first  few 
clays  of  life  to  facilitate  absoiption.  In  addition,  Hiips  has  pointed  exit 
that  in  a  number  of  animals  free  HCl  is  not  produced  for  a  few  clays  after 
biith.  I  his  achlorhydria  is  an  obvious  achantage  to  a  newborn  animal 
absorbing  antibodies. 


Histological  Changes  During  Protein  Absorption 

Siiiitli  in  19  2532  f,„„Kl  tluil  iruestiiiai  epitliclial  cells  lia.in  newborn 
calves  contained  many  vesitles  or  vacuoles  whicli  he  believed  contained 
protein.  It  is  nn|)orlant  to  note  that  tliese  peculiar  vesicles  disappeared 
at  about  the  tinril  day  ol  life,  which  correspomis  exactly  to  the  cessation 
ol  |>roteni  absorption.  I  hese  observations  have  recentiv  been  <(inlirnied 
by  (.on,  ine,  l-oineroy,  an, I  I  itchen,«  who  fonn,!  the  vesicles  describe.l 
liy  Smith  also  present  in  sm  klinu  pigs  and  kittens.  In  a.l.lition,  animals 
will,  I,  had  not  heen  su,kle<l  ,lid  no,  show  the  vesic  les.  Iimestion  of 
lolosliimi  apparently  stimulates  vesicle  lorniation.  Hill  ami  llardx'» 
have  made  similar  observations  in  sheep  and  goats. 


IXTKSTINAL  ABSOKFTION 


LM() 


An  iiinx)rianl  aclvaiuo  in  oin  niulei slaiulint*  ol  llicse  inorpliologic al 
changes  lias  lieen  inaile  i)\  Cilaik"  who  reinvestigaleh  the  prolilein  in  rats 
and  mice  with  the  electron  microscope.  He  ietl  a  variety  ol  snhstances, 
some  jiartit iilate,  siuh  as  tolloidal  gold,  satdiaratetl  iron  oxide,  India 
ink,  and  some  jjnrified  jnoteins,  siuh  as  ho\ine  gamma  globulin.  I  he  in- 


/■iirure  97.  Moi  pliologic  al  (liniigcs  asscu  ialcd  willi  protrin  ahsoi  plion  in  (lie 
suckling  lat.  Apical  cMoplasm  ct  llic  intestinal  cpithclitnn  lullowing  ingestion  ol 
pic.tein  l)\  a  ‘-':5  el.i\  old  lat  i.il.oeet  and  .in  8  ela\  old  lat  il.elou)  \|)pio\nnalel\  \ 
o'c.OOn.  i(  l.iik:  |.  Itiopins.  A  llioe  tie-iii.  (Mol..  Id')'!.) 
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gestion  of  all  ol  these  substaiues  stimulated  \esicle  formation.  Piiioeytosis 
was  (leinonstrated  by  the  apjiearanee  of  pai  ticidate  material  in  the  small 
and  large  vesicles.  Perhaps  the  best  example  of  jnnocytosis  in  animal  cells 
is  the  electron  micrograjih  of  mouse  gut  ingesting  colloidal  gold  (Figure 
.S2).  At  about  the  twentieth  day  the  rat  no  longer  shows  vesicles  in  the 
epithelial  cytoplasm  in  response  to  the  feeding  of  protein  (Figure  97). 
It  is  concluded  that  jirotein  absorjition  occurs  by  jiinocytosis.  In  the 
ameba  j^roteins  are  among  the  most  acti\e  sidjstames  in  stimulating 
pinocytosis.2^ 


ADULT  ANIMALS 

Protein  absorjjtion  in  the  adult  animal  has  been  known  lor  many 
years  (see  reference  I  for  review  of  work  before  HkHb).  In  humans  it  is 
well  known  that  allergic  reactions  can  result  from  ingestion  of  the 
offending  protein.  Intestinal  absorption  of  autogenous  jilasma  j^roteins 
by  dogs  has  been  claimed  by  a  number  of  worker.s-^'^’ although  not 
always  confirmed.-®  Plasma  absorption  has  not  been  reported  in  other 
animal  species.  Insulin,  because  of  its  simple  biological  assay,  has  been 
studied  by  a  number  of  workers.  Laskowski  et  al.22  found  that  trypsin 
inhibitor  allowed  some  absorption  of  insulin  when  6  to  3.5  units  were 
placed  in  i.solated  intestinal  loops  of  150  gm.  rats.  Danforth  and  Moorc^^ 
found  that  some  insulin  was  absorbed  in  the  presence  of  soybean  tryj^sin 
inhiliitor,  diisojn'oj>ylfluorophosphate,  or  indole-3-acetate.  fiirthermoie, 
the  latter  investigators  found  some  insulin  was  alxsorbcd  by  exerted  sacs 
of  rat  intestine. 

Although  there  is  no  doubt  that  the  adidt  animal  can  absorb 
intact  protein  molecides,  the  amount  a])|>cars  to  be  extremely  small. 
It  is  not  known  whether  this  absorption  is  due  to  transient  local  defects 
in  the  intestinal  e])ithelium®  or  represents  a  more  organized  process. 
Perhajis  a  remnant  of  the  fetal  and  newborn  mechanism  lemains. 
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CHAPTER 


Vitamins 


WATER-SOLUBLE  VITAAONS 

T’lie  water-soluble  grouj)  of  vitamins  contains  members  of  widely 
different  chemical  structures  (Figure  98).  If  these  com])ounds  were  all 
absorbed  by  simple  iliffusion  one  might  make  certain  predictions  as  to 
the  relative  rates  of  absorption.  It  was  jiointed  out  in  ChajJter  2  that 
un-ionized  compounds,  weak  acids,  and  weak  bases,  especially  those  ol 
low  molecular  weight,  are  readily  absorbed,  while  strong  electrolytes  are 
poorly  absorbed.  .Applying  this  principle,  the  low  molecular  weight  com- 
|xmnds  such  as  nicotinamide,  inositol,  p-aminobenzoic  acid,  biotin,  and 
ascorbic  acid  should  tlifluse  readilv  while  highly  charged  compounds  such 
as  thiamine  and  choline  should  not.  kolic  acid  contains  two  carboxyl 
groups  and  might  be  considered  in  an  intermediate  j)osition.  I  he  extreme 
case  is  vitamin  B,2,  which  is  both  large  (molecular  weight  about  1.500) 
and  ionized.  One  would  predict  that  it  could  not  be  absorbed  at  all. 

rhe.se  predictions  agree  moderately  well  with  the  actual  capacity 
of  the  intestine  to  absorb  these  comjjounds,  with  two  striking  excej)tions 
(choline  and  vitamin  B12)  which  will  be  discussed  later.  I  he  maximum 
absorj)ti\e  capacity  of  the  humati  small  intestine  lor  most  ol  the  water- 
soluble  vitamins  ol  low  molecular  weight  is  of  the  01  (let  ol  0.1  to  1  gm. 
or  more  jx-r  day'^^  (  Pable  51).  In  contrast,  the  rather  large  and  highlv 
basic  thiamine  molecule  is  \ery  jK)orly  absorbed.  .)  mg.  jxi  tl.t)  being 
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VITAMIN  B,2 

Fi^^ure  W.  \\  atci -s<)l,il)lc  vitamins.  I  he  plus  sign  contained  uiilun  a  circle  indi- 
(*Ut*s  (he  gi<)U|)  IS  a  sliong  base. 


tlic  niaxinuini  oral  intake  lor  human  subjects  witliotit  loss  in  the  leces.^" 
lilts  IS  in  agreement  with  the  linding  that  the  strongly  basic  tetraethyl- 
annnonium  ion  is  very  poorly  absorbed  in  the  rat.'«  It  is  therefore  dilhcult 
to  explain  why  choline,  which  is  also  a  strong  base,  is  lairlv  well  ab- 
sorbed.^«  1  Ins  suggests  an  active  transport  system  lor  choline  in'  the  small 
intestine  like  that  known  to  occur  in  the  renal  tubule.'^sa  yiihough  at 
tempts  to  demonstrate  active  transport  ol  choline  in  isolated  hamster 
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Tal)le  51.  Ahsokimion  of  \iia.mi.\s  in  Normal  Human  Adults 


VITAMIN 

ABSORITION  CAFACI  rv 

.moi.f:s/dav 

DAM  A  RLCJCTRLMINl 

.MOLI-:S 

Nicotinamide 

>  1  X  10-2* 

1  X  10-1 

Ascorbic  acid 

>  1  X  10-2* 

5  X  10-1 

Ihiamine 

2  X  10-5 

5  X  10-6 

X'itamin  1^2 

1  X  10-y 

5  X  lO-iOf 

*No  published  data  found  on  luaximuin  absorptive  capacity  but  these  values  are 
probably  much  too  low. 
t  I  his  value  is  only  a  rough  estimate. 

Most  of  the  data  were  oljtained  from  Goodman  and  Ciilman:  1  he  Pharmacological 
basis  of  1  herapeutics.32 

intestine  have  thus  far  been  nnsnccessfnl,^^  ftn  ther  work  on  other  animals 
is  indicated. 

So  little  quantitative  information  is  available  on  al)Sorption  of  most 
\itamins  that  no  definite  description  of  the  mechanism  can  be  given,  fn 
one  of  the  few  cpiantitative  studies'^*^  urinary  excretion  of  thiamine  and 
riboflavin  were  taken  as  a  measure  of  absorption.  Althotigh  there  is  some 
uncertainty  involved  in  such  an  asstimption,  the  results  are  of  interest. 
Figure  99  shows  that  urinary  excretion  of  thiamine  does  not  increase  much 
within  the  oral  dose  range  of  4  to  20  mg.  I'he  inference  is  that  simple 
diffusion  is  not  responsible  for  absorption  but  that  some  mechanism 
saturated  at  low  levels  is  involved.  In  contrast  to  the  results  with  thia¬ 
mine,  riboflavin  excretion  is  linear  over  the  dose  range  of  1  to  20  mg. 

Fhis  may  indicate  either  that  a  special  jirocess  is  not  yet  saturated  at  the 
20  mg.  dose  level  or  that  riboflavin  is  absorbed  by  simjde  diffusion.  I'he 
diffusion  hypothesis  is  supported  by  recent  in  vitro  studies."=^“ Spencer 
and  Zamcheck"'^'*  found  that  the  flux  rates  of  riboflavin  across  the  intes- 
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Figure  9*i.  KUcct  of  oral  dose  level 
tlaviii  in  Iniman  subjetts.  (Monisou  and 
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oil  uiinaiA  excretion  of  tbiamine  and  ribo 
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Table  52.  I ’mdiki  ciionai.  Mom  mini  oi  Rihom.amn  Across  Rai  Imjsiim:  in  nitto 


IIMF.  OF  incc  hahon 

RlUOFI.AMN  .MOV  F.MFM  ACROSS  1 N  I FS  1 1 N  AC  WAI.I. 

(^molksA.m.  tissue) 

MUCOSAL  iO  SEROSAL 

SEROSAL  TO  MUC;OSAL 

3(1  miniitfs 
(30  minutes 

0.093  0.03(3) 

0.191  (±0.051) 

0.079  (±0.059) 

0.151  (±0.099) 

Sacs  of  rat  intestine  were  inctibated  with  riboflavin  (1  x  KJ-^M)  initially  on  onlv 
one  side.  Each  value  represents  acerage  of  10  to  22  sacs  standard  deciation).  .Modified 
from  Spencer  aiul  /aincheck:  (.astroenterology,  70:791,  19(31. 


final  wall  were  the  same  in  each  direction  (  J'able  52).  Ftirthennore, 
no  transjiort  against  a  concentration  gradient  could  be  obtained  with 
the  intestine  oi  the  rat  or  hamster.  Additional  evidence  was  obtained 
by  Mnto,5'>58  ^dio  lonnd  that  only  a  small  amoniit  oi  riboflavin  passed 
acro.ss  the  rat  gut  in  vitro  and  that  this  movement  was  not  inhibited 
Ijy  dinitrophenol. 

One  of  the  lew  in  vitro  studies  of  water-soluble  vitamins  is  that  of 


rnrner.*^  In  this  elegant  study,  an  attempt  was  made  to  trse  concentrations 
of  vitamins  which  might  be  found  in  the  hnnen  of  the  intestine  in  vivo. 
For  this  jmrpose  highly  sensitive  and  sj^ecific  microbiological  methcxls 
were  employed.  Figure  100  shows  that  the  rate  of  absorjxion  of  jjanto- 
thenic  acid  by  everted  sacs  of  rat  intestine  was  apjjroximately  linear  in 
concenti ation.  Similai  lesnlts  were  obtained  with  other  xitamins.  A  care- 
ltd  study  was  made  to  see  whether  the  intestine  was  cajiable  of  trans- 
pot  ting  these  IFvitamins  across  the  intestinal  wall  against  a  concentration 
gradient.  No  transport  was  observed  with  any  of  the  vitamins  tested 


(biotin,  jiantothenic  acid,  nicotinic  acid,  riboflavin,  thiamine,  folic  acid, 
and  vitamin  Bi,).  .\dditional  studies  showed  that  the  unidirectional  flux 
rates  of  vitamins  across  the  wall  in  opposite  directions  were  similar 
( 1  able  5'f).  .Vll  of  the.se  data  are  consistent  with  the  view  that  these  sub¬ 
stances  jKtss  across  the  intestinal  wall  by  sini|)le  diffusion.  Fhe  stimnlation 

of  ab,sorption  of  vitamin  1^2  by  gastric  intrinsic  factor  will  be  discussed 
in  the  next  section. 


Table  5:5.  I  mdiri  cnoxAi  Ei.cx  Ratf  s  of  \  n  amins  Across  Evfr  u  d  .Sacs  of 

Rat  Intfstink 


VITAMIN 

rate  of  movement  (10-12  moles)* 

MUCOSAL  to  SEROSAL  SEROSAL  TO  MUCOSAI 

Biotin 

Pantothenic  acid 
\  itamin  Rj2 

2  X  10-6M.  2^8  ■ 

2  X  10-5M.  2^00  Tqoo 

1  ^  5.8  9.9 

*  Results  e\|)iesse(i  a 
fiom  1  uruer,  J.  B.: 

IS  10-12  n.oles  moved  acro.ss  the  intestinal  \vall/3  cm.  sac/lii  (  Taken 
Ibesis,  1  niveisity  of  Oxford,  1959.) 
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Figure  100.  AI)S()i ption  of 
pantoilu-iiic  acici  fioni  tlic  iiui- 
tosal  solution  of  fveitcd  sacs 
of  rat  iiiicsliiie.  g<)  t-tpials 
paiiioiliciiic  acid  al)sorl)ccl  by 
a  3  cm.  .sac  per  hour.  ccpials 
initial  conccMitratiou  on  inu 
cosal  side.  ( l  urner:  I  liesis, 
I ' Diversity  of  Oxford,  (hieen’s 
(.ollege,  1959.) 


V4  tain  ill  l>i2 

riie  study  of  a  human  disease  (jxTuicious  anemia)  tvas  responsible 
for  the  discovery  of  the  complex  (and  still  incompletely  understood) 
mechanism  of  the  intestinal  absorption  ol  \itamin  l>i2.  .\  ]nimary  defect 
in  this  disease  is  the  inability  of  the  stomach  to  ]nodute  a  specific  protein 
essential  for  normal  absoiption  of  the  \itamin.  This  is  the  only  case 
knowti  in  which  the  intestinal  absorjition  of  a  large  molecule  recjuires 
the  presence  of  an  e\en  larger  molecule.  This  unusual  recpiircmeiU  for 
a  sjiecific  piotein  strongly  suggests  that  the  mechatiism  of  absor])tion  is 
entirelv  different  from  other  recogni/ed  mechanisms  of  intestinal  absorj)- 
tion. 

In  I92‘),  (iastle'*’  lejioi  ted  the  first  of  a  series  of  now-classical  expel  i- 
metits  on  the  etiology  of  pei  iiicious  atiemia.  .Stimulated  by  the  discovery 
of  the  liver  tieatmeiil  lor  pernicious  anemia  by  .Minot  and  Murphy, 
and  im|)re.ssecl  by  the  achlorhydria  regularly  observed  in  these  jxitients, 
he  turned  his  attention  to  the  stomach  as  the  possible  site  of  the  primary 
lesion.  Figuie  101  shows  the  results  of  one  of  the  original  experimetits  iti 
which  remission  nas  jnocluted  in  a  patient  with  pertiicious  anemia  by 
daily  achninistratioti  of  the  contents  of  a  normal  human  stomach  re- 
coveied  aftei  the  ingestion  o!  .400  gm.  ol  beef  muscle.  .\  lew  days  after 
treatment  was  beguti,  theie  was  a  maikeci  rise  iti  the  circulating  reticu- 
locvtes.  I  his  was  followed  by  a  slow  rise  iti  the  total  circulating  erytlno- 
( vies  o\er  a  |)eriocl  of  a  few  months.  'I  lie  hematologic  al  elic  c  t  ol  leeding 
nasttic  contents  from  a  normal  iiulicidual  is  similar  to  that  obtained 
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wiili  Minot  aiitl  Muipliy’s  li\er  iiealinent  (l-igine  101).  I  Jiis  and  other 
exjjerinients'-’  proinjrted  (iastle  to  jjostulate  an  “extrinsic  lac  tor”  in  the 
lootl  which  coinbinecl  with  some  lieat-labile  “intiinsic  factor”  ol  normal 
gastric:  juice  to  proclnce  a  substance  necessary  lor  reel  cell  jjroclnction. 

KxikiNsic;  FAc;roR.  Xineteen  years  of  intensi\e  research  by  hnndrecls 
of  workers  in  many  coinitiies  were  recjnirecl  for  the  final  iscjlation  and 
pin  ification  of  the  snbstance  responsible  for  extrinsic  factor  activity 
Karly  work  depended  upon  jjernicions  anemia  jiatients  to  test  the  activity 
ol  jjnrified  lactors  in  liver  and  ninscle.  Sidisecjiiently  it  w'as  fcjiind  that 
extrinsic  factor  was  identical  or  similar  tcj  the  growth  factor  in  exjjeri- 
menial  animals  and  microorganisms  and  these  assay  jiroceclures  made 
jxissible  the  jmrification  of  the  active  substance.  In  1948  vitamin  B12 
was  obtained  in  pure  form  for  the  first  time  by  two  groups  of  workers.^^"' 
ft  was  immediately  tested  by  Castle’s  group‘d  and  the  Mayo  Cilinic  group'^^ 
and  found  to  be  atti\e  in  pernicious  anemia  patients  either  given  paren- 
terally  or  led  in  the  presence  of  intrinsic  factor.  This  completed  the 
identification  of  extrinsic  factor  as  vitamin  ^12- 

Imrinsic;  kAcroR  (I.F.):  Following  Castle’s  discovery  of  this  heat- 
labile  substance,  the  long  and  tedious  process  01  purification  began.  Now, 
.42  years  later,  great  strides  ha\e  been  made  in  jjurification,  but  a  com- 
])letely  homogenous  prejjaration  has  not  yet  been  obtained.  .Although  it 
is  cjuite  certain  that  I.F.  is  a  protein,  the  jjresence  or  absence  of  a  carbo 
hydrate  moiety  in  the  molecule  is  not  comjjletely  settled. 

1.  Assay  Methods.  Fhe  original  assay  method  used  by  Castle  is  today 
still  one  ol  the  most  reliable  prcxeclures.  I'his  method  consists  of  the 
daily  feeding  to  a  pernicious  anemia  patient  (in  relapse)  the  material 
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to  be  testetl  lor  l.l*.  aciivity  along  witli  a  source  ol  \iianiin  11  llie 
reticulocyte  count  in  tlie  ])eripheral  blood  rises  Iroin  less  than  1  per  cent 
to  a  value  ol  about  a  per  cent  in  live  to  ten  clays,  intrinsic  lactor  was  pres¬ 
ent  in  tlie  test  material,  (hiantitative  residts  are  sometimes  clillicnlt  to  ob¬ 
tain  and  a  relinenient  was  therclore  introduced  l)y  Minot  and  Clastle'’’* 
in  which  two  test  periods,  sejjarateci  by  two  weeks  or  more,  were  used  to 
study  the  reticidocyte  resj^onse  ol  a  standard  l.F.  preparation  compared 
with  an  unknown  preparation. 

Following  the  availability  ol  radioactive  vitamin  hi2  in  1950*^  a 
variety  ol  imjjrovements  in  the  assay  was  reported.  In  tliese  newer  methods 
absor]>tion  ol  radioactive  vitamin  lh2  determined  indirectly  by 

measurement  ol  lecal'^'^- or  urinary  excretion,"*  or  by  liver  ujjtake.-*’ 
.Vlthough  all  ol  these  methods  are  cpiite  reliable,  they  recjuire  a  large 
number  ol  cooperative  jjernicious  anemia  {or  total  gastrectomy)  patients. 
.\n  assay  lor  human  l.F.  has  been  described  using  monkeys^^  and  an  assay 
ol  hog  l.F.  has  been  re|X)rtecl  witli  gastrectomized  hogs**®  but  neither 
method  is  in  general  use. 

Fwo  in  intro  assays  have  been  developed.  Miller  and  Hunter**®  and 
Herbert  and  L.onclon®*®  showed  that  hog  intrinsic  lactor  stimulated  K12 
uptake  by  rat  liver  slices.  1  his  method  has  been  utilized  by  a  number 
ol  investigators  and  appears  to  be  uselid.  d'he  second  method  is  the 
stinndation  ol  hi2  u}itake  with  everted  sacs  ol  small  intestine  Irom  a 
variety  ol  animals.®®  Flog  and  human  l.F.  can  be  estimated  by  this  meth¬ 
od.®^  lioass  and  W'ilson®  have  recently  developed  a  simjilified  intestinal 
assay  system  involving  small  segments  ol  tissue  rather  than  sacs.  Fhese 
intestinal  assay  systems  may  be  uselul  in  luture  studies  with  l.F.  as  they 
appear  to  be  sjiecific  lor  intrinsic  lactor,  and  with  the  use  ol  the  intestine 
Irom  various  animals  a  certain  degree  ol  discrimination  among  prepara¬ 
tions  ol  l.F.  derived  Irom  dillerent  sj)ecies  may  be  perceived. 

2.  Purification.  Fhe  history  ol  the  purification  ol  gastric  intiinsic 
lactor  and  other  Bio-binding  sid)stances  was  reviewed  by  Wijmenga  in 
I‘J57.®'  More  recent  advances  in  purilication  have  been  reported  by  Lamer 
and  Merrills,^®  Jacob  et  al.^-  and  Fllenbogen  and  W  illiams.®®  It  has  been 
emphasized  by  all  these  workers  that  preparations,  though  very  highly 
purified,  still  contain  varying  amounts  ol  contaminating  material.  Fhere 
is  now  general  agreement  that  an  imj>ortant  property  ol  this  protein 
is  its  capacity  to  bind  vitamin  B12  firmly.  Most  preparations  ol  l.F.  have 
significant  cjuantities  ol  hexosaniine  and  hexose,  which  would  place  l.F. 
in  the  group  ol  sid^stances  known  as  mucoj)roteins  or  mucoids.  Definitive 
chemical  characterization  must  await  lurther  purification,  which  may 
come  in  the  next  lew  years. 

:k  Site  of  /./*.  Production  in  the  Stomach.  Fhere  has  been  consider¬ 
able  difference  ol  opinion  as  to  the  site  ol  l.F.  production.  Only  one  study 
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will  be  inentioiied  lieie.  Kenning  et  aid'"  slinwecl  with  rat  stoniacli  tliat  the 
lundus,  wliich  contains  most  ol  the  “cliiel”  cells,  possesses  most  of  the  in¬ 
trinsic  lactoi  a(ti\iiy,  while  the  jj)loiic  legion  contains  little  or  none. 
Kin  thermore,  these  authors  loc  alized,  histologically,  the  binding  of  B12 
by  an  autoradiograjdiic  technicjue.  Frozen  sections  czf  rat  stomach  were 
incubated  for  three  hours  with  (;o'*'’-\itamin  H12  lollowed  by  careful 
washing  and  exjiosure  to  jihotograjihic  film.  I  he  autoradiograjjh  indi¬ 
cated  darkening  of  the  film  in  the  areas  of  tissue  that  contained  the  most 
chief  cells.  Cdearly,  most  of  the  Bi2-bincling  material  was  in  the  chief 
or  ]X“jJsinogen  cells,  d'he  two  jiieces  of  e\iclence  taken  together  suggest 
that  I.F,  is  produced  in  the  “chief”  cells  of  rat  stomach. 

Site  of  lii2  .Kbsoretion.  'Fhe  effect  of  Icxation  along  the  small 
intestine  on  B12  absorption  ^aries  somewhat  with  the  species  of  animal. 
In  man,  a  disease  of  the  ileum  (such  as  ileitis),  but  not  of  the  duo¬ 
denum  or  jejunum,  is  associated  with  malabsorjition  of  \itamin 
Kj2.5i-2i,  16  Furthermore,  evidence  obtained  in  normal  individuals  during 
laparotomy^  indicates  that  the  ileum  is  the  normal  site  of  B12  absorption. 
Fhe  ileum  is  also  the  site  of  absorption  of  B12  in  the  clog,^  guinea  pig,®^ 
and  hamster.®^  In  the  hamster  I.F.  does  not  stimulate  B12  uptake  in 
everted  sacs  of  jejunum^-i  or  colons®  while  it  stimulates  uptake  up  to 
fiftyfolcl  in  the  lower  ileum.  In  the  rat,  on  the  other  hand,  the  midportion 
of  the  intestine  is  the  site  of  maximum  absorption  of  the  vitamin  in  the 
jiresence  of  I.F."' 

Species  Difference  in  B12  Absorption.  As  early  as  1929  hog  intrin¬ 
sic  fdctoi  was  found  to  be  effectixe  in  jiatients  with  pernicious  anemia, 
and  as  a  result  sjiecies  differences  were  not  exjdored  until  many  years 
latei.  Coates  et  al.s'^  were  among  the  first  to  recognize  clear  species 
differences.  They  demonstrated  that  hog  I.F.  inhibited  B12  absorption  in 
both  the  lat  and  chick  maintained  on  Bi2-cleficient  diets.  Furthermore, 
chick-stcjinach  extract-Bi2  complex  was  active  in  promoting  growth  in 
Bi2-clehcient  rats  and  chicks,  while  rat  stomach  extract  inhibited  Bjo 
absorption  in  deficient  chicks.  It  is  jiresumed,  but  has  not  been  estab¬ 
lished  experimentally,  that  the  chick  possesses  an  intrinsic  factor  mech¬ 
anism  for  the  absorption  ol  B12.  In  the  gastrectomized  rat  gastric  juice 
or  gastric  mucosa  of  the  same  species  stimulated  B12  absorptioiA^,  is.  19.  4o, 
41,  59,  60.  85,  79  ..pilg  ,8.  19,38.41.59.  60.69.15  ^nd  humau  I.F.  18.19,59.60 

were  ineffective.  Fhe  human  responds  to  I.F.  from  human  rn  1.43.79 
and  hog^«  but  not  from  clog.«  Fhe  monkey  responds  to  human’ I  F  « 
In  vitro  methods  have  made  feasible  the  study  of  the  effect  of  a  number  of 
I.K  preparations  on  the  intestinal  uptake  of  B,2  in  a  variety  of  small 
laboratory  animals.  \\’ilson  and  Strauss®'®  have  shown  that  the  rat  intestine 
responds  only  to  rat  I.F.,  and  not  to  the  five  other  I.F.  preparations 
tested  (figure  102).  Guinea  pig  intestine,  on  the  other  hand,  resjxmds  to 
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all  jneparaiions  tested,  iiKluding  hog  and  litmiaii  l.F.  It  is  contliided 
that  striking  species  ililleientes  occur  both  in  the  intrinsic  lactors  and 
in  the  recej)tor  sites  in  the  intestinal  ej>ithelinin. 


I'iguje  102.  Stiimilatioii  of  vitamin  1^,2  inttstiiic  by  intrinsic 

ra(  toi  of  (lillcicnl  species.  Above,  rat  intestine:  Iklow.  Kiiinea  |)in  intestine.  I  he  miinbei 
of  expel  iinenls  indiialed  in  parentheses.  (Wilson  and  Stianss,  Am.  |  I’lnsiol..  I^i . 
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Absorption  of  Inirinsk;  Factor.  It  Avould  be  e.xtreiiiely  interesting 
to  know  the  fate  of  intrinsic  lactor  after  its  combination  witli  lii2  in 
the  lumen  of  the  intestine.  One  apjiroach  to  this  cjiiestion  has  been  the 
in\estigation  of  the  possibility  of  aljsoiption  of  the  intact  I.F.  molecule. 
It  has  been  known  for  many  years  that  pernicious  anemia  patients  in¬ 
gesting  hog  I.F.  f)\er  a  jieriocl  of  time  become  relractory  to  treatment. 
During  the  past  leiv  years  Schwart/,'-  Faylor/"  and  Lowenstein  et  al."^® 
have  presented  e\'idence  tliat  natients  iecei\ing  hog  I.F.  develoji  in  their 
serums  a  substance  which  inhiliits  I.F.  and  is  jirobably  an  antibody.'*® 
If  antibodies  are  de\elojJed  against  hog  I.F.,  intestinal  alisorjition  pre¬ 
sumably  occurred.  altliougli  it  IS  imjiossible  to  make  (piantitative  estimates 
from  the  jiresent  data.  Raney,  Hansen,  and  Miller®^  have  shoAvn  that 
after  administration  of  -10  mg.  of  purified  hog  I.F.  to  rats,  I.F.  actiAity 
coidd  be  demonstrated  in  the  lilood.  All  of  these  exjieriments  clearly 
show  that  some  absorjition  occurs  when  relati\ely  large  amounts  of  I.F. 
from  a  dilTerent  species  are  fed  to  rats  or  humans.  Flnlortunately  these 
data  do  not  answer  the  fundamental  jDioblem  of  whether  I.F.  is  absorbed 
attached  to  B12  or  in  some  other  form  during  normal  B12  absorjition.  The 
recent  data  of  Cooper  and  Castle,“  which  will  be  referred  to  in  more 
detail  later,  suggest  that  I.F.  is  removed  from  B12  when  B12  passes  through 
the  epithelial  cell. 

Route  of  B12  Absorpiion.  T  here  is  limited  information,  at  present, 
on  the  route  taken  by  B12  Irom  the  ejjithelial  cell  of  the  intestine  to  the 
blood.  Taylor  and  French'®  have  shown  that  only  a  small  fraction  of 
orally  administered  B]2  ajipears  in  the  thoracic  tluct  lymph  of  the  rat. 
During  thoracic  duct  cannulation  considerable  B12  is  found  in  the  li\’er 


Figure  IOk  Plasma  radioactivity  after  an  oral  dose  of 
a  1101  mal  .sid)ject.  (Booth  and  .\lollin:  Biit.  |.  Haematol.,  2. 


fj^.  of  ''■’fiCo  given 
19.511.) 
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and  kidney,  which  suggests  that  most  o(  the  H12  is  absorbed  into  the 
portal  vein. 

Delay  in  K12  .Vbsorption.  Following  oral  administration  ol  physio¬ 
logic  doses  ol  radioactive  vitamin  1^,2  to  normal  humans  or  rats,  no 
1  adioactivity  ajjpears  in  the  blood  tor  one  to  tour  hours.®’  "*  .Alter  this 
hig,  1  adiotit ti\ ity  increases  in  the  l)lood  lor  the  next  lew  hours,  reaching 
a  peak  level  about  six  to  ten  hours  alter  administration  (Figure  1 0-1). 
I  here  apjK’ars  to  he  little  delay  in  stomach  emjjtying  time  or  transit  in 
the  lumen  ol  the  small  intestine  as  large  amounts  ol  radioactivity  were 
piesent  in  the  intestinal  wall  in  15  minutes.^  1  he  lailure  ol  the  jjeripheral 
hlootl  level  to  rise  in  the  lirst  lew  hours  might  be  ilue  to  eHicient  removal 
ol  the  vitamin  by  the  liver,  tollowcd  l)y  the  saturation  ol  the  liver  and 
the  appearance  ol  Bi2  in  the  blood,  d'his  ])ossibility,  however,  has  been 
elfectively  rided  out  by  the  observation  that  tor  one  to  two  hours  after 
feeding  no  vitamin  was  lound  either  in  portal  vein  blootF^  or  liver. ^ 
I  he  one  remaining  (onclusion  is  that  one  to  four  hours  are  re(|uireil 
lor  the  transit  of  vitamin  B12  across  the  ejhthelial  cell  of  the  small 
intestine. 

•Mechanis.vi  of  .Absorption.  .A  variety  of  hypotheses  for  the  mecha¬ 
nism  ol  action  of  intrinsic  factor  has  been  entertained  in  the  j^ast  (see 
the  review  by  (lastle^*)  but  only  the  more  recent  views  will  be  considered 
here.  It  is  now  clear  that  gasti  ic  l.F.  (in  some  form)  stimulates  the 
e[jithelial  cells  of  the  small  intestine  to  al)sorb  vitamin  B12  (in  either 
a  free  or  a  combined  form).  l.F.  might  stimidate  the  absorption  of  (a) 
many  substances,  (b)  free  B12,  or  (c)  a  Bi2-intrinsic  factor  complex. 
Possibility  (a)  would  seem  uidikely  as  the  pernicious  anemia  jjatient 
does  not  seem  to  have  any  serious  absorjUive  defect  other  than  that  of 
Bi2.  Ciardner  et  al.-®  have  specilically  considered  this  possibility  and 
conclude  that  l.F.  does  not  alfect  absorption  of  glucose,  tyrosine,  casein, 
or  folic  acid.  With  intestinal  sacs  in  vitro  l.F.  had  no  ellect  on  glucose 
transjjort"^  or  P®^-labeled  albumin  ujitake.^” 

Fhe  (piestion  of  whether  B12  is  absorbed  free  or  l)ound  to  l.F.  has 
been  ajijuoached  exj)erimcntally  in  three  dilfcrent  laboratories.''^'®®’®" 
Fhe  basic  experiment  was  to  feed  to  a  gastrectomi/ed  or  jjernicious 
anemia  patient  two  tyj)es  ol  solutions:  a  mixture  ol  radioactive  P>i2 
and  cold  B12-I.F.  complex,  and  a  mixture  of  cold  B,2  and  radioactive 
B12-I.F.  (omplex.  If  it  was  the  B12-I.F.  complex  that  entered  the  cell,  the 
second  mixture  would  result  in  more  absorption  of  radioactivity  than 
the  lirst:  if  free  P>i2  was  absorbed,  the  reverse  would  be  true.  Fable  51 
shows  the  aveiage  values  obtained  in  nine  exiieriments  with  eight  total 
gastrectomy  patients.  When  liee  l>i2  and  Bio-I.l*.  complex  ate  led  to¬ 
gether.  the  coinjilex  is  absoibed  three  times  as  rajiidly  as  the  Iree  vitamin. 
F'his  observation  was  confuined  by  Nieweg,  Shen,  and  Castle®"  in  the 
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Tabic  54.  Thk  Imi-ortancf  of  Bj2-Rini)INc;  in  thf  Mfchamsm  of 
Imhinsic  Factor  Action 


■MIXTI  RE  FED  BV  MOUTH 

PER  CENT  OF  ORAL  DOSE  OF 
RADIOACTIVE  Bj2 
APPEARING  IN  THE 

URINE  IN  24  HOURS 

Radioactive  B 

j2  plus  nonradioactive  Bj^-I.F.  complex 

2.0 

Nonradioactiv 

e  Bj2  plus  radioactive  Bj2-I.F.  complex 

6.4 

Eight  totally  gastrectoinizcd  patients  were  fed  first  one  mixture  and  then,  days  or 
weeks  later,  were  fed  the  second  mixture.  Urinary  excretion  of  radioactive  Bj2> 
described  by  Schilling,7i  was  used  as  the  measure  of  vitamin  Bj2  absorption.  Ihe  first 
mixture  consisted  of  2.2  CofiO-vitamin  Bjg  followed  immediately  by  a  mixture  of 
2-2  fxS-  noiiiadioactive  Bj2  in  50  ml.  of  pooled  human  gastric  juice.  The  second  mixture 
consisted  of  2.2  fjg  nonradioactiv  ^  1^2  followed  immediately  by  a  mixture  of  2.2  fjfi, 
(,ofi0-\  itamin  Bj2  in  50  ml.  of  gastric  juice.  (  Faken  from  Fo])orek:  .\m.  J.  Clin.  Nutri¬ 
tion,  5:297,  1960.) 


rat.  riiese  data  convincingly  suggest  that  combination  of  B12  with  in¬ 
trinsic  factor  occurs  prior  to  intestinal  absorption.  Purihed  preparations 
of  I.F.  usually  bind  very  tightly  with  B12  and  Cooper  and  Castle22  have 
lecently  shown  that  this  binding  is  so  effective  that  B12  can  be  removed 
from  its  binding  sites  on  other  proteins  of  the  diet  by  I.F. 

I  heie  is  evidence  that  neither  B12  nor  I.F.  attaches  to  the  epithelium 
prior  to  formation  of  the  vitamin-I.F.  complex^-^- "5  (Table  55).  Herbert^' 
and  Cooper  and  Castle^^  found  that  ethylenediaminetetraacetic  acid  (a 
chelating  agent  lor  divalent  cations)  inhibits  B12  absorption  in  the  pres¬ 
ence  of  I.F.  and  concluded  that  a  divalent  ion,  probably  calcium,  is  essen¬ 
tial  for  the  attachment  of  the  B12-I.F.  complex  to  the  gut  wall.  However, 
the  lemoval  of  calcium  from  the  solution  bathing  the  mucosal  surface 


Tabic  .55.  Efffct  of  Prfincubation  of  Rat  Intfstinf  in  Intoinsic  Factor 


ON  Rj2  ITtakf 


.sac  no. 


ADnmoN  TO  KRFBS  SALINE 


PI  RIOI)  1  (-15  MIN.)  PFRIOn  2  (60  MIN.) 


Bj2  uptake  BV 
INTTSTINE, 
CPM./lOO  MC. 

TTCCTTr 


Four  sacs  prepared  from  cousccutive  segments  of  midgut  were  preincubated  fneriod 
)  for  15  nun.  m  either  Krebs  bicarbonate-saline  alone  or  a  similar  sohuiorcon!' iW 
"il.  lat  gastnc  juice.  .Sacs  removed  from  flask  and  washed  carefullv  for  1  ,nin  in 
(akumi-contauiuig  Krebs  bicarbonate-saline.  .Sacs  then  transferred  to  another  flask  and 
nicuhated  for  a  second  period  ((',()  ,„i„.).  Sacs  removed  and  washeH  in  ,1  ^ 

lOO-nil.  volumes  of  Krebs  solution.  (Taken  from  Stramss  and  Wilso.r  \m’T 

795: 103,  1960.)  ”  n  uson.  Am.  J.  I’hysiol., 
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of  tlie  intestine  had  no  more  than  sliglit  effec  ts.^^>  It  may  be  argued 
that  enough  ealcium  is  jiresent  on  the  cell  surlace  or  leaks  out  of  the 
cell  under  tliese  conditions  to  vitiate  the  e\j>eriment.  The  KI)  I’A  experi¬ 
ments,  on  the  other  liand,  are  ojjen  to  criticism  for,  at  least  in  vitro,  this 
chelating  agent  removes  the  ejjithelial  cells  from  the  lamina  propria  (at 
least  in  the  hamster)  in  an  incnbation  ol  15  to  50  minutes  at  57°(i. 
1  his  eflect  can  be  obserced  with  El)  I’A  concentrations  as  low  as  0.1  niM. 
(in  the  absence  of  acUled  ilixalent  cation).  I  he  role  of  calcium  in  binding 
Hi2d.l‘.  complex  to  the  epithelial  cells  needs  further  iincstigation. 

An  important  recent  observation  has  been  made  by  Clooper  and 
Clastic--  on  the  fate  of  P>i2  within  the  ejhthclial  cell.  Ehese  iinestigators 
found  that  homogenates  of  rat  intestinal  mucosa  could  remove  l)i2  from 
its  complex  with  rat  I.F.  but  not  if  complexed  with  human  or  hog  I.E. 
(Eigure  lOf).  Although  this  ability  to  break  the  bond  between  B12 
I.F.  is  not  entirely  lost  when  the  extrac  t  is  boiled,  the  phenomenon  has 
j)roperties  suggestive  of  an  en/.ymatic  reaction  and  appears  highly  sj)ecies- 
specihc.  Ehe  authors  suggest  that  once  the  B12-I.E.  complex  enters  the 
cell  the  tc)mj)lex  is  broken,  liberating  free  H12.  “  Ehe  vitamin  H12  thus 


Figure  104.  FfTect  of  rat  inustiiial  extract  in  rendering  dialy/ahlc  Ixnmd 

to  rat  stomach  extract  (triangles)  and  to  human  gastric  jnicc  (circles).  Fhe  effect  of 
previously  boiled  rat  intestinal  extract  upon  C'.ofio  U,,  hound  to  rat  stomach  extract 
is  also  shown  (triangles  connected  hy  broken  line).  (C.(K)per  and  (  astle.  j.  (  lin.  Insest.. 
39,  1960.) 
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Ireccl  would  tlien  either  be  accejited  by  an  ajijn opriate  traiisjioi  t  niedia- 
nisin  or  would  sinijily  dill  use  j>assi\ely  into  the  blood  \’essels  ol  the 
intestine. 

Recent  studies  on  the  I.F.  stiinnlation  ol  ]ii2  uptake  by  rat  visceral 
yolk  sac  might  be  mentioned.  The  yolk  sac  is  an  outgrowth  ol  the  midgut, 
to  which  it  remains  attached  thi'oughout  fetal  life.  Furthermore,  histo¬ 
logically  it  resembles  intestine,  \illi  lined  with  columnar  epithelium 
jiossessing  a  brush  border.  Faclykula  and  Wdlson^'^  ha\e  found  that  rat 
yolk  sac  possesses  the  I.F. -stimulated  B12  absorption  system,  ajijiarently 
similar  to  that  of  the  adult  gut.  Fhe  striking  obsercation  was  that  intrin¬ 
sic;  lactor  had  its  greatest  stimulating  elfect  at  a  stage  of  fetal  develop¬ 
ment  (l.‘l  clays)  at  which  pinocytosis  (by  ci  iteria  of  elec  tronmicroscopy) 
is  most  highly  cle\elojied.  Although  this  correlation  may  be  fortuitous, 
it  is  possible  that  pinocytosis  is  iiuohed  in  the  celhdar  ujitake  of  the 
H12-I.F.  comjdex.  It  might  be  pointed  out  that  pinocytcjsis  is  the  only 
mechanism  known,  at  present,  to  be  capable  of  translocating  large  jiro- 
tein  molecules  across  cell  mendjranes,  especially  of  the  gut.^" 


FAT-SOLLIKLE  VITAMINS 

Hetause  of  their  solidiility  in  lipids,  this  groiiji  of  compounds  is 
usually  associated  with  other  lijiids  in  the  diet  and  jierhajjs  absorbed 
liy  similar  mechanisms  (see  kigure  105  for  structures).  Bile  salts  are 
essential  fcjr  adecpiate  absorjnion  of  vitamin  vitamin  I),33.  so 

caiotene.s’  I  he  other  \itamins  (.A  and  E)  may  also  recjuire  the  jiresence 
ol  bile  but  the  ecidence  is  incomplete,  d  his  recjuirement  for  bile  salts 
indicates  that  emulsification  ol  these  water-insoluble  comjiounds  is  re- 
c]uiiecl  j^i ior  to  absolution.  Although  the  mechanism  cjf  absorption  of 
these  compounds  has  not  been  studied  in  detail,  diffusion  through  the 
cell  membrane  by  means  of  solution  in  the  lipid  of  the  membrane  seems 
reasonable.  Fhere  is.  to  date,  no  evidence  of  any  sjieciali/ed  transiiort 
system  lor  these  compounds. 


Vitamin  K 

Some  new  synthetic  comiiounds  with  vitamin  K  activity  offer  some 
interesting  problems  in  intestinal  absorption.  Menadione,  which  is 
structurally  similar  to  one  portion  of  the  naturallv  occurring  vitamin 
IS  insoluble  in  water  and  highly  soluble  in  organic  solvents  and  oils 
(kigtire  lot)).  Fins  compound  is  biologically  active  and  is  extensiveK 
administered  orally.  It  recpiires  bile  salts  for  absorption  and  conse- 
<|uently.  when  given  to  patients  with  bile  duct  obstruction  it  must  be 
accompanied  by  oral  administration  of  bile  salts.  In  these  jiatients  a 
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water-soluble  bisullite  (leii\ati\e  ol  ineiiadioiie.  which  does  not  recjuiie 
bile  salts  lor  its  absori>tion,  is  well  absorbed.'^-  I  bis  is  an  interestiii,t> 
example  in  which  lipid  solubility  is  a  liability  and  conversion  into  a 
water-soluble  iorin  obviates  the  need  lor  einnlsihcation  with  bile  salts. 

An  important  source  ol  vitamin  K  in  many  animals  (inclndini; 
man)  is  the  bacterial  Mora  ol  the  intestine.  When  the  bacterial  lloia  is 
altered  by  administration  ol  massi\e  doses  ol  antibiotics,  serious  dc-fi 
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ciencies  in  vitamin  K  may  result.  This  interesting  jirolilem  lias  been  re- 
\iewecl  by  Mickelsen,^^ 

\'itamin  \ 

The  normal  daily  reijnirement  of  this  vitamin  (about  2  mg.  ol  the 
alcohol)  is  readily  and  comjdeiely  absor  bed  by  the  intestine.  The  mecha¬ 
nism  bv  which  \itaniin  A  is  absorbed  is  not  clear.  It  has  been  tacitly 
assumed  that  it  is  absorbed  with  lijiids.  Aijiieons  dispersions,  however, 
are  absoibed  more  cjiiickly  than  similar  cpiantities  gi\en  in  oil. 

It  has  been  known  lor  over  -10  years  that  tarotene  could  rejilace 
vitamin  A  in  the  diet  as  a  growth  lactor  and  that  this  rejilacement  was 
due  to  the  chemical  conversion  ol  carotene  into  the  vitamin  (see  the 
review  by  Lowe  and  .Mortoid').  Although  it  was  first  thought  that  the 
liver  was  the  site  of  conversion,  it  is  now  known  that  the  major  site  for 
this  process  after  oral  administration  is  the  epithelial  cell  of  the  small 
intestine,  d'his  conclusion  was  based  on  experiments  with  rats  dehcient 
in  vitamin  performed  almost  simultaneously  in  three  different  labora- 
torics."**-*’ A  single  dose  of  carotene  was  fed  to  rats  and  within 
15  minutes  vitamin  A  was  detected  in  the  intestinal  mucosa,  but  in  no 
other  organ  of  the  body.  Vitamin  A  then  appeared  in  the  intestinal 
lymphatics  and  alter  an  hour  was  found  in  both  blood  and  liver.  1  he 
intestine  maintained  a  high  level  of  the  vitamin  for  at  least  four  hours. 
During  subsequent  hours  and  days  the  vitamin  A  concentration  in  the 
intestine  fell  to  almost  zero  while  that  in  the  liver  was  maintained  at  a 
high  level.  Olsen'*-  has  shcjwn  that  the  rate  of  conversion  of  carotene  to 
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viianiiii  .A  iii  wasliecl  rat  intestinal  Iooj)s  in  situ  was  li\e  tn  ten  times  that 
reiiiiiretl  per  clay  lor  this  species. 

It  shonlcl  he  noted  that  in  some  species  the  intestine  is  not  the  sole 
site  lor  this  interconversion.’**  so  Comersion  ol  intravenously  injected 
carotene  (emnlsified  in  detergent)  tcj  \itamin  A  in  the  rat,  \vas  not  al- 
lectecl  by  renujval  ol  the  intestines.’*  Injections  ol  carotene  to  calves, s** 
however,  did  not  give  rise  tcj  vitamin  A,  suggesting  that  in  this  sjx-cies 
ccjnversion  ol  carotene  to  the  vitamin  octiirs  in  the  intestine  dining 
absorption. 
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Drugs 


Altlioiit*!!  ch ut».s  aie  coininoiily  considered  *‘toreign  ”  siib- 
st.uues  the  Finn  macopeia  lists  many  coinponnds  which  are  in  the  normal 
diet  oi  aie  intei mediates  ol  tissue  metabolism.  A  study  of  the  intestinal 
absorjition  of  this  sj^ectriim  of  sidjstances,  therefore,  would  draw  on  much 
ol  the  information  fonnd  in  other  chapters  of  this  book.  There  are  a  few 
classes  ol  comjmnnds,  however,  loieign  sidxstances  used  specifically  for 
the  tieatment  ol  disease,  which  ha\e  not  been  covered  in  other  chapters. 


(TNERAL  PRINC  IPLFS 

1  he  epithelial  cells  ol  the  intestine,  like  other  cells,  beha\e  as 
though  they  were  snrronnded  by  a  jdasina  membrane  with  the  projjer- 
ties  of  both  proteins  and  lipids,  with  occasional  small  water-filled  chan¬ 
nels  which  penetrate  the  membrane.  More  than  fiO  vears  ago  Overton^i 
pointed  out  that  the  rate  of  entrance  of  many  substances  into  cells  could 
best  be  explained  by  sohiticm  of  the  substance  in  the  lipid  parts  of  the 
cell  membrane  lollowed  by  diffusion  into  the  interior  of  the  cell,  d'his 
principle  has  become  one  of  the  cornerstones  of  cellular  phvsiologv 
Many  ilhistrai ions  will  be  given  in  which  the  lipid  route  is  the  most 
m.ixirtant  means  ol  cling  absorinion.  l  o  possess  properties  of  lipid  sohi- 
Inhiy  a  substance  innst  contain  nonpolar  groups  such  as  long-chain 
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alkyl  gioiijjs  and  aioiiiatic  rings,  and  must  contain  a  ininiininn  ol  liydro- 
jjhylic  gioups  such  as  hydroxyl,  aldehyde,  ketone,  or  ioni/ahle  carboxyl 
Ol  amino  groups.  It  should  be  notetl  that  in  a  molecule  with  both  jiolar 
and  nonpolai  pioperties,  one  or  the  other  asjiect  may  jircdominate. 
I  bus,  phosphatidic  acid,  which  possesses  an  ioni/.able  jdiosphate  grouji 
and  two  long-chain  glyceride  groups,  is  soluble  in  ether  as  a  sodium 
salt. 

I  he  second  route  for  d illusion  across  a  cell  membrane  is  by  means 
ol  the  water-idled  channels.  I'liere  is  now  e\itlence  that  the  average  pore 
radius  in  the  intestinal  ejn’thelial  cell  is  of  the  order  of  -1  A°  (see 
Clhapter  .S,  ji.  -14).  I'his,  of  course,  is  oid\  the  estimate  for  the  a\erage 
pore  si/e  and  there  may  well  be  a  few  with  very  much  larger  radii. 

•Another  route  of  absorjition  available  for  drugs  is  the  large  series  of 
active  transport  systems  in  the  epithelial  cell  for  absorption  of  sugars, 
amino  acids,  ions,  etc.  Two  foreign  pyrimidines  with  antitumor  activity 
are  actively  transjxjrted-^  by  the  jwrimidine  transport  system  discovered 
by  Schanker  and  4Vkco.'*‘^  The  nonmetabolizable  sugar  derivative,  -l-O- 
methylglucose,  which  was  once  considered  as  a  jjossil)le  sweetening  agent 
for  diabetics,  is  acti\ely  transported'^^  by  the  sugar  transjjort  system. 

When  considering  drug  absorption  from  the  clinical  point  of  \  iew 
slow  continuous  absorption  may  often  produce  much  more  desirable 
elfects  than  very  rapid  absorption,  'hhis  is  particularly  true  in  the  case  of 
antibacterial  agents  and  other  sul)stances  where  a  maintained  blood 
level  is  desirable.  -As  much  of  the  available  data  on  absorption  is  given 
in  terms  of  clinical  effectiveness  or  blood  level,  the  term  “well  absorbed” 
or  even  “rapidly  absorbed”  must  be  evaluated  in  terms  of  these  points  of 
reference.  .An  examj^le  of  ambiguity  with  regard  to  (he  term  “well  ab¬ 
sorbed”  may  be  given  for  the  simple  ion,  inorganic  j)hosphate.  .Although 
this  ion  is  usually  thought  of  as  “well  absorbed,”  the  capacity  of  the 
intestine  to  absorb  it  is  so  slight  that  phosjdiate  (as  a  salt)  in  a  d  to  10  gm. 
dosage  is  an  effectixe  cathartic. 


THE  EFFEC;T  of  pH  on  the  absoretion  of  \veak 

ELECTROLYTES 

I  he  intestinal  mucosa  is  relatively  impermeable  to  charged  com¬ 
pounds,  especially  if  they  are  of  large  molecular  weight.  Strong  acids  and 
strong  bases,  which  exist  almost  entirely  in  the  ioni/ed  form  at  body  j)!!. 
are  generally  jjoorly  absorbed.  Weak  electrolytes,  however,  exist  in  solu¬ 
tion  in  both  ioni/ed  and  un-ioni/ed  form,  the  proportion  of  the  two 
depending  on  the  pK  of  the  ioni/able  group  and  the  pH  ol  the  solution. 

The  un-ioni/ed  species,  especially  if  they  are  lipid-soluble,  will  cross 
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cell  nieiiibranes  with  relative  ease.*^  As  the  uncharged  molecules  continue 
to  dilluse  into  the  cell  the  e(juilibriuni  l)etween  the  two  species  outside 
the  cell  is  upset,  residting  in  the  formation  ol  more  uncharged  molecules. 
Ill  the  intestine  this  jnocess  can  continue  until  all  of  the  substance  is 
absorbed,  jjro\ided  its  (oncentration  at  the  base  of  the  epithelial  cell 
is  reduced  to  a  low  level  by  eflicient  ciiddation  ol  blood.  4'he  rate  of 
al)sorption  will  depend  upon  the  concentration  dillerence  of  the  un¬ 
ionized  species  across  the  cell  and  the  permeability  constant.  Blood  flow 
is  probably  seldom  rate-limiting  in  these  conditions. 

Schanker  et  al.-^  ha\e  recently  made  a  careful  study  of  the  rate  of 
absorjJtion  of  a  variety  of  drugs  with  different  jiKa  values.  4'he  relation 
between  ])Ka  aiul  rate  (jf  absorjjtion  of  acids  and  bases  is  shown  in 
Figure  107.  The  lowest  pKa  of  an  acidic  ch  ug  consistent  with  raj>id  absorp¬ 
tion  was  about  .H,  while  the  corresponding  highest  jjKg  for  basic  drugs 
was  8.  If  one  calculates  the  fraction  of  un  ionized  to  ionized  molecules 
which  exists  for  compounds  with  these  jjKa  values  at  pH  b.6,  one  obtains 
a  value  of  1  6000  for  the  acid  and  1/16  for  base.  As  it  seems  unlikely 
that  un-ionized  acids  are  very  much  mc^re  diffusible  than  un-ionized 
bases,  Schanker  et  al.^*^  have  concluded  that  “effective”  jiH  at  the  cell 
membrane  must  be  lower.  If  the  “effective”  pH  were  5.8  the  ratio  of 
un-ionized  to  ionized  drug  necessary  for  raj)id  absorjjticni  would  be  1/800 
lor  both  an  acid  ol  pKa  2.8  and  a  base  of  pKa  7.8.  I  bis  hypcjthesis,  curious 
as  it  may  seem  at  first  sight,  .seems  more  jilausible  than  the  alternative  hy¬ 
pothesis  of  entirely  different  diffusion  properties  of  uncharged  acids  and 

baSCS.^^*.  25,  26 


rat. 


li/rtnf  107 
(Schanker, 
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Stomach.  In  1940  J'ravell^'^  slunvcd  that  pH  has  a  marked  efiett 
on  the  absorption  ot  the  weak  liase,  strychnine,  from  the  stomach  of  the 
cat.  When  strychnine  in  acid  solution  was  injected  into  the  tied  stomach 
it  had  no  effect  on  the  animal;  Avhen  injected  in  alkaline  solution  it 
rapidly  caused  symptoms  ot  toxicity  and  the  animal  died  in  relatively 
few  minutes.  I  able  50  shows  the  effect  of  pH  on  the  toxicity  of  this 
drug.  A  caiefiil  study  of  the  mo\ement  of  drugs  across  the  gastric  mucosa 
was  performed  by  the  Hethesda  group,  in  dogs,‘*i  rats,“«  and  man.'«  fii 
one  study.  Shore  et  al.^^  administered  drugs  to  dogs  with  Heidenhain 
gastric  pouches  and  determined  the  concentration  in  both  blood  and 
gastric  juice.  A  group  of  weak  bases,  which  were  partly  un  ionized  in 
plasma,  movetl  across  the  gastric  mucosa  and  apjx'ared  in  gastric  juice 
in  high  concentration.  I  his  demonstrates,  with  drugs,  what  had  been 
shown  with  dyes,  that  basic  compounds  are  “secreted”  into  gastric  juice 
(see  Hober^).  I'his  juocess  is  the  result,  not  of  any  active  transport  proc¬ 
ess,  but  of  the  characteristic  permeability  of  the  membrane  to  uncharged 
sjxcies  and  the  pH  difference  across  the  membrane.  I  he  molecules  are 
effectively  “trapped”  in  gastric  juice  in  the  ionized  form  (see  Chajiter  8). 
It  might  be  mentioned  at  this  jDoint  that  weak  acids  appear  in  high  con¬ 
centrations  in  alkaline  secretions  of  the  pancreas.  li\er  and  kidney.^’ 


Tablc  56.  K^^K:T  or  pH  on  r\ii  or  XKsoRriioN  or  SlR^(:llM\l:  irom  iiik  Siomacii 


pH  OK  SOl.t'IION 

IN  IMF  STOMACH 

I’FRCFNTAr.F  OF  SnCVCIININF 

IN  rilF  UNDISSOC  l  ATFD  FORM 

IIMF  OF  1)1  \TII  FOI  FOWINT. 

IN  JEf  TION  INTO  THE 

STOM  ACH  (  MIN  UTFS) 

8.0 

54.0 

24 

6.0 

1.2 

83 

5.0 

0.1 

150 

3.0 

0.001 

survived 

Strvchniiie  siilfale  (5  mg.)  was  injected  into  the  stomarli  of  an  anestlicti/ed  cat. 
,\fodified  from  l  iavell:  J.  I’liai inacol.  R:  Kxpei.  I  heiap..  69:21,  1 9 JO. 


In  addition,  these  workers  investigated  the  absor|nion  of  drugs  in¬ 
troduced  into  the  ligated  rat  stomach.-*’  It  was  found  that  acids  with  a 
pKa  <>l  -  or  more  were  well  absorbed.  Weak  bases,  on  the  other  hand, 
were  absorbed  only  if  the  bases  were  extremely  weak  (|)Ka  of  5  or  less). 
In  man  a  similar  pattern  was  found:  I  he  weak  acids  acetylsalicylic  acid, 
thiojxntal.  and  secobarbital  were  readily  absorbed  while  the  bases 
(juinine,  ephedrine,  and  aminoj)yrine  were  not.  I  hese  weak  acids  were 
absorbed  even  faster  than  ethanol,  a  sid)stance  usually  (|uotecl  as  being 
the  most  readily  absorbed  substance  in  the  stomach. 
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Small  Ini ksi ink.  Scliankei'  et  ha\e  made  a  careiul  study  ol 
diug  absoi  jjtion  honi  the  small  intestine.  .Substaiues  with  a  jjKa  between 
2  and  9  were  well  absorbed  while  strong  acids  and  bases  were  not  ( J'ables 
57  and  58).  Jl  the  “eliecti\e”  j>H  at  the  cell  wall  were  5  (as  ]>ostulated 
by  these  workers)  the  minimal  ratio  ol  un-ioni/ed  to  ioni/ed  lor  effecti\e 
absorption  would  be  between  1:100  and  1:1000.  .\s  one  would  antici¬ 
pate,  alteration  oi  luminal  pH  has  a  prolound  ellect  on  the  absorjjtion 
rate  ol  weak  electrolytes.  They  lound  that  the  absorjjticjn  rate  ol  cjuinine 
(j.)K.a  ol  8.4)  was  much  more  ia]iid  at  jjH  8  than  at  jjH  5.  W'ith  the  weak 
acid  nitrosalicylic  acid  (j>Ka  ol  2.5)  there  was  no  absorption  at  pH  7,  but 
considerable  absorptiem  at  pH  5  (see  Figure  20,  p.  46). 

EFFEC  T  OF  LIPID  SOLUBILITY  ON  .ABSORPTION  RATE 

Since  the  work  ol  0\erton-i  it  has  been  known  that  lipid  solubility 
is  an  imj)ortant  lactor  in  determining  the  rate  of  penetration  of  sub¬ 
stances  across  cell  membranes.  Hober  and  Hober^  in  1937  provided 
evidence  that  the  rate  of  absorption  of  certain  compounds  is  related  to 
lipid  solubility.  They  showed  that  malonamide,  because  of  its  greater 
lipid  solubility,  is  absorbed  more  rapidly  than  lactamide.  .An  elegant  e.\- 
ample  of  this  phenomenon  is  taken  from  the  work  of  Schanker-^  on  the 
absorption  of  dilferent  barbituric  acid  derivatives.  Increasing  the  length 
of  the  alkyl  side  chain  of  the  molecule  jnoduces  compcjunds  which  are 


Table  57.  .Absorption  of  Ori.anic  .Acins  by  the  Rat  Smait.  Intestine 


PER  cent  .absorbed 


ACID 


ACITIAL 


RELATIVE 
TO  ANILINE 


S-Sulfosalicylic 

IMicnol  red 
Hroinphenol  blue 
o-Nitiobeiizoic 
5-Xinosalicylic 
I  roiiiexan 
Salicylic 
in-N'itroben/oic 
Acetylsalicvlic 
Benzoic 

I’heiiylbutazoiie 
Acetic 
I  hiopeiUal 
Barbital 

p-  Hytlroxs  pro|)ioplienone 
I’tienol 

I  lie  |)ei  tent  absorbed 

iminbei  of  exjieiiinenis  in 
llogben:  |  I’liai  mac  ol.  .il¬ 


(strong) 

2  (2) 

o 

(strong) 

2  (4) 

o 

(strong) 

2  (2) 

o 

2  ^ 

5  ±  2  (2) 

5 

2.3 

9  ±  2  (3) 

9 

2.9 

35  ±  7  (3) 

37 

3.0 

60 

3.1 

54  ±  0  (2) 

50 

3.5 

20  ±  4  (6) 

21 

4.2 

51  ±5  (2) 

51 

4.4 

<>-5  ±  7  (3) 

54 

4.7 

42  ±  1  (3) 

40 

7.6 

55  ±  6  (3) 

67 

7.8 

30  ±  4  (2) 

25 

7.8 

61  ±  9  (5) 

61 

9.9 

51  ±8  (3) 

60 

ls  expre.ssed  as  the  mean  ±  the  range,  followed  In 
parentheses.  I  aken  from  Srhanker,  I  occo,  Biodie 
l-.xper.  Iheiap.,  /2LSI,  1958. 
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and 


24G 


INTESTINAL  ABSORPTION 


I  able  38.  Absori'hon  of  ()r(;amc  Basks  bv  iiif  Rai  Smam,  Inif-siink 


BASF. 

PER  CENT  ABSORBED 

ACTLIAt. 

REI.ATIVE  TO 

SAEICVI.IC  ACID 

Acetanilide 

0.3 

42-1-5  (2) 

43 

Theophylline 

0.7 

29  -1-  1  (3) 

30 

p-Nitroaniline 

1.0 

f)8  -1-  7  (2) 

01 

.Vntipv  I  ine 

1.4 

32  -+■  6  (3) 

30 

m-Niuoaniline 

2.5 

77  -t-  2  (2) 

(i3 

.Aniline 

4.G 

51 

•Aminopyi  ine 

5.0 

33  -t-  4  (4) 

27 

p- 1  olnidine 

5.3 

59  -p  3  (3) 

50 

( hiinine 

8.4 

15-1-2  (6) 

15 

Kphedi  ine 

9.0 

7  3  (2) 

0 

lOla/oline 

10.3 

0-1-1  (2) 

5 

Mecaniylamine 

11.2 

<  2  (2) 

<  2 

Dai  Stine 

(strong) 

<  -  (‘-9 

<  2 

Piocaine  amide  ethohromide 

(strong) 

<  -  (2) 

<  2 

1  etraethylammoninm 

(Strong) 

<  2  (2) 

<  2 

I  ensilon 

(strong) 

<  (-9 

<  2 

1  he  per  tent  al)soil)e(l  is  ex|>iessecl  as  the  mean  ±  the  range,  followecl  l)v  tlie  nninhei 
of  experiments  in  parentheses.  Taken  from  Stlianker,  lotto,  Brodie,  and  Hoghen: 
J.  Pharmatol.  Kxper.  I  hera]).,  /2>:8I,  19.38. 


more  reatlily  ab.sorl)e(l  Ity  the  intestine  (Fioure  21.  p.  1.5).  Lipitl  soln- 
bility  aiul  not  inoleenlar  si/e  is  dearly  the  detenninino  laetor  in 
j.)ernieability.  Hogben  et  al.'*  ( I  able  59)  ha\e  listed  coinjxjinuls  in  tlie 
order  (j1  tlieir  solubility  in  organic  s(.)l\ents.  1  here  is  a  rough  agreement 
between  lipitl  solubility  anti  absorption  rate. 


SALINE  CATHARTIC  S 

I  he  j)hysiologit  basis  lor  the  attion  ol  saline  tathartits  is  the  \ery 
slow  rate  ol  intestinal  absorption  ol  these  ions  anti  their  excretion  with 
an  osmotic  etpiivaleiU  ol  water.  For  example,  il  none  ol  a  9  gm.  tlose  ol 
magnesiinn  snllate  were  absorbetl  it  woidtl  be  excretetl  in  a  volume  ol 
about  500  ml.,  as  an  ajjproximaiely  iso-osmotic  solution.  Fhe  desirable 
properties  ol  a  gootl  saline  tathartit  are  (a)  nontoxit,  (b)  j>oorly  ab¬ 
sorbetl,  anti  (c)  low  molet  iilar  weight  (so  that  maxinmm  osmotit  at  ti\  iiy 
is  obtainetl  per  gm.). 

Fhe  componntls  shown  in  Figure  108,  with  the  exception  ol  fmna- 
rate,  are  all  in  common  use  as  saline  tathartics.®  Divalent  anions  anti 
tations  are  very  ])oorly  absorbetl  In  the  gastrointestinal  tract  although 
small  amounts  do  appear  in  the  blootl  anil  mine.  Presumably,  ilivalent 
ions  are  too  large  to  pass  reatlily  through  the  water-lilletl  thannels  ol 
the  tell  membrane  anti  because  ol  their  highly  polar  |)roperties  are 
insohd)le  in  the  lipitl  ol  the  membrane.  Phosj)hate  ion.  whith  is  an 
important  nutrient,  is  absorbetl  slowly  enough  to  make  it  an  ellective 
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Table  M.  (  omparison  Rm  wi  kn  Intksiinai,  Absorption  and  Lipid;  Watfr  Partition 
OF  THE  Ln-IOMZFD  FoRMS  OF  OrOAMC  AcIDS  AND  RASES 


DRi'i; 

PER  CENT 

ABSORBED 

Kill  PTANE 

KCHI.OROI  flRM 

Phcinilmtazoiie 

54 

>  100 

>  100 

1  hiopental 

67 

3.30 

>  100 

p-  I  oliiidinc 

56 

3.26 

97.5 

.Aniline 

54 

1.10 

26.4 

m  N'itroanilinc 

63 

0.24 

39.2 

Benzoic  acid 

54 

0.19 

2.9 

Phenol 

60 

0.15 

2.3 

p-Nitroaniline 

61 

0.13 

19.8 

j)-Hydroxypropiophenone 

61 

0.12 

5.1 

Salicylic  acid 

60 

0.12 

2.9 

m-Xitrobenzoic  acid 

50 

0.06 

2.6 

Aminopvrine 

27 

0.21 

>  100 

.\cet\isalic\lic  acid 

21 

0.03 

2.0 

-Xcetanilide 

43 

0.02 

7.6 

1  heophylline 

30 

0.02 

0.3 

.\nti]iyrinc 

30 

0.005 

21.2 

Barbital 

25 

<  0.002 

0.7 

1  heobi  online 

22 

<  0.002 

0.4 

Sulfanilamide 

24 

<  0.002 

0.03 

])■  Hydroxy  benzoic  acid 

23 

<  0.002 

0.01 

Barbituric  acid 

5 

<  0.002 

0.008 

Snifagnanidine 

<  2 

<  0.002 

<  0.002 

Mannitol 

<  2 

<  0.002 

<  0.002 

Hrugs  ueic  distiibutcd  between  an  organic  sol\ent  and  an  atjiieons  phase  whose  pH 

uas  sneh  that  the  drug  was  largely  in  the  un  ionized  form.  Faken  from  Hogben,  Focco, 
Rrodie,  and  Schanker:  J.  I’harmacol.  &  Exiier.  Fherap.,  725:275,  1959. 


cathartic.  .\t  tlie  pH  of  the  jejunum  (between  6  and  7)  phosphate  would 
exist  as  a  mixture  ol  monovalent  and  divalent  sjTecies.  Since  very  little 
would  exist  in  the  un-ionized  form,  it  could  not  be  absorbed  by  the 
lipid  route,  and  its  size  probably  would  jTrevent  much  from  entering  by 
the  pore  route.  It  is  uncertain,  therefore,  how  phosjihate  ion  is  absorbed. 
Perhaps  it  is  by  some  carrier  mechanism. 

I'he  two  dicarboxylic  acids,  tartaric  acid  and  fumaric  acid,  arc 
\ery  poorly  absorbed.  At  jtH  7,  about  one  molecule  out  of  1,000  is 
monovalent  and  1  out  of  1,000.000  is  nn-ionized.  It  is  interesting  that 
fumaric  acid,  a  normal  intermediate  of  metabolism,  cannot  be  absorbed 
appreciably  by  the  intestine.^ 

•A  monocarboxylic  acid  whose  un-ionized  form  is  lipid-insoluble  is 

jxiorly  absorbed.  Gluconic  acid  in  doses  of  10  gm.  or  more  is  an  effective 
cathartic.'* 


SILFONAMIDES 


Few  (|tiantitativc  studies  are  available 
sulfonamides.  Most  studies  deal  with  the 


on  intestinal  absorption  of 
parameters  most  interesting 
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ION 


7o  UN-IONIZED 
AT  pH  7 


0 


0 


HPO^= 


0.005 


0  OH  OH  0 


O-C-CH-CH-C-0 


II 


II 


0.00001 


0 


0 


0-C-CH=CH -C-0 


II 


II 


0.00001 


Figure  lOS.  Saline  cathartics  and  ioni/ation.  (.onijxnmds  listed  arc  magnesium, 
snlfate,  phosphate,  tartrate,  and  fnmarate. 

to  the  clinical  investigatop  (c.g.,  blood  le\el  and  urinary  excretion). 
Although  these  studies  are  \aluable  Irotn  the  clinical  ])oint  ot  \ie\v,  they 
do  not  gi\e  a  clear  (juantitatixe  jiicture  of  absorption,  as  so  many 

\ariables  are  involved,  such  as  chemical  alteration  within  the  bodv  and 

/ 

excretion.  Hogben,  4  octo,  lirodie,  and  Sdianker^*  haxe  performed  cpiati- 
titatixe  studies  on  txvo  members  of  the  sulfonamide  family,  sulfanilamide 
and  snllaguanidine.  W’hen  a  1  tuAf.  solution  of  the  drtig  xvas  passed 
through  the  rat  ituestine  at  a  rate  of  1.3  itil.  per  minute,  2f  jkt  cent  ol 
the  sulfanilamide  xvas  absorbed  xvhile  no  absorjition  xvas  obserxed  for 
the  guanidine  derixatixe.  Sulfanilamide  is  nn-ioni/ed  at  body  pH  and 
is  somexvhat  soluble  in  (  hlorolorm,  xvhile  sullagnanidine  is  highly  ioni/ed 
and  insoluble  in  chloroform. 

Although  (juantitative  absorjjtion  data  is  nnaxailable  for  the  other 
sulfonamides,  it  is  of  interest  to  toiujiare  the  structures  of  the  compounds 
knoxvn  to  be  clinically  effective  by  mouth  and  those  absorbed  poorly,  if 
at  all.  Figure  109  gixes  the  structures  of  four  comjiounds  and  the  percent¬ 
age  un-ioni/etl  at  j)II  7.  calculated  from  the  jmblished  j)Ka  values.'  I  he 
|)Ka  of  the  substituted  amide  group  of  sulfathia/ole  and  sulfamera/ine  is 
afiout  7  so  that  at  this  j)H  ecpial  amounts  of  ioni/ed  and  nn-ioni/ed 
molec  ides  xvoultl  fie  present.  Snllaguanidine  and  succinylsulfathia/ole 
exist  mainlv  as  ions  at  pH  7.  On  theoretical  grounds,  one  might  expect 
al)sor|)tion  of  the  xveak  acid,  sue c  inylsidlathia/ole.  by  the  stomach,  but 
apparently  it  is  poorly  absorbed  as  it  does  not  produce  an  appreciable 
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absorbed 

S - CH 

I  II 

NH-C,  CH 
Sulfothiozole 


NH- 

A 


N  =  C-CH, 


SOgNH-C  CH 
II  II 
N-CH 


Sulfomerozine 


7«  UN-IONIZED 
AT  pH  7 


50 


50 


NOT  ABSORBED 
NH, 


f) 

V 


SO.NH-C, 


■  NH, 


'^NHj  © 

Sulfaguonidine 


0.0001 


NH-C0-CH.-CH,-C00‘ 

A 


•CH 


SOjNH-C^  CH 


0.1 


Succinyl  sulfothiozole 

figure  109.  Correlation  l)etween  chemical  striicinre  of  sulfonamides  and  their 
intestinal  absorption. 


blood  level  ill  mail.  .Since  succ  inylsnllathia/ole  ha.s  about  1  part  out  of 
1,000  uu-ioui/ed  at  pH  7,  and  this  juobably  is  somewhat  lijjid  soluble, 
one  uught  predict  that  absorption  would  be  greater  than  the  guauidiue 
tkii\ati\e  but  less  than  sullathia/cjlc.  I  he  authoi  was  unable  to  hud 
expel  imeutal  data  relating  to  this  specific'  cjuestioii. 


INTESTINAL  ABSORPTION 

antibiotics 


200 


As  in  tlie  case  of  tlie  siilfonainicles,  there  is  reniarkably  little  (jiianti- 
tative  infonnation  on  the  intestinal  absorption  of  antibiotic  drngs.  A 
comparison  of  the  chemical  striictnres  and  lipid  solubilities  of  a  few 
componnds  is  shown  in  Figure  110. 

Fhere  are  no  (|nantitative  data  on  penicillin  absorption  from  the 
intestine  although  it  is  known  that  oral  administration  reijuires  aliom 
live  times  the  parenteral  dose  for  similar  clinical  elfectiveness.  Some  of  the 
drug  IS  apparently  destroyed  in  the  stomach  by  low  pH,  and  poor  ab¬ 
sorption  may  be  another  factor.  In  spite  of  the  low  pK^  of  penicillin 
(2.5)  large  amounts  would  be  nn-ioni/ed  in  the  stomach  (pH  I  to  5)  and 
the  high  lipid  solubility'^-*  would  allow  rapid  absorption.  Schanker  et  al.-** 
have  shown  that  componnd.v  with  a  jjKa  of  between  2  and  are  absorbed 
by  rat  intestine  at  an  apjneciable  rate,  although  more  slowly  than  weaker 
acids.  .Vctive  transport  of  penicillin,  such  as  occurs  in  the  renal  tubules, 
probably  does  not  occur  in  the  intestine  since  }dienol  red-**  and  dio- 
ihast,*^  which  aie  transported  in  the  kidney  by  the  same  system  as  peni¬ 
cillin,  are  not  actively  transported  in  the  gut. 

Erythromycin  and  carbomycin  are  weak  bases,  of  which  appreciable 
fractions  exist  in  the  undissociated  form  in  the  ileum  where  the  normal 
pH  ranges  Irom  7  to  8.  These  comjiounds  are  well  absorbed  as  would 
be  anticipated  from  their  high  degree  of  lipid  solubility  in  the  undis¬ 
sociated  form.  Streptomycin  and  bacitracin,  on  the  other  hand,  which 
are  both  highly  charged  comjjounds,  are  jioorly  absorbed  by  the  intestine. 

'Fetracycline  is  an  exanijde  of  a  drug  which  is  clinically  effective  when 
administered  orally  in  spite  of  its  limited  absorption  from  the  intes¬ 
tine.^’*-*  In  man,  for  exanijde,  a  dose  of  250  mg.  every  (i  hours  is  incom¬ 
pletely  absorbed  and  some  appears  in  the  feces.®  I'he  total  capacity  for 
absorption  in  man,  therefore,  must  be  only  a  few  hundred  milligrams 
per  day. 


(HIATERNARV  AMMONIUM  COMPOUNDS 

consideration  of  this  grouj>  of  c(^mpounds  is  impoitant  because 
a  number  of  valuable  drugs  fall  intcj  this  category.  It  has  been  j)ointed 
out  earlier  in  this  chapter  that  bases  with  j)Ka  values  abo\e  about  10  are 
not  absorbed  to  an  appreciable  extent.  'Fetraethylammonium  ion,  for 
example,  is  a  strong  base  and  is  not  aj)j>reciabiy  absorbed  in  the  rat 
umler  the  conditions  of  the  exj)eriments  of  Schanker  et  al.^** 

Fhere  appear  to  be  striking  excej)tions  to  the  generali/ation  gi\en 
above.  It  has  been  shown  that  choline  is  absorbed  by  the  dog  in  con- 
sideralde  amounts  (as  much  as  200  mg./hr./kg.  body  weight).-®  A  possible 
explanation  of  the  anomalous  behavior  of  dioline  is  that  the  intestine 
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>20 

0.07 

0 

Hgu)e  ]]0.  C.onclatioii  hclwccii  clicmical  stnutuic  of 
intestinal  absorption. 
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INTESTINAL  ABSORPTION 


|...s.ses.sos  s,.n,e  type  „l  special  can  ictttetliatetl  „  a„,sp,„  t  n,ccha,„s,„.  The 
posMitility  ol  active  liaiispttit  against  a  coiicetiltatioii  gnulieni  was  tested 
witli  the  ii.testine  ol  tite  golden  hainstef.  Clmline  addcti  to  both  sides  ol 
the  gttt  wall  at  a  concentialion  of  5  in.M.  did  not  move  Irotn  tmtcosal  to 
serosal  side  against  a  concentration  gradient Many  other  expel inienlai 

conditions  with  dilleieiu  atiiniais  iiiiist  he  tested  hel'oie  a  linal  statement 
can  be  made. 

Another  ejnaternary  annnoninm  compound  which  is  absorbed  to  a 
significant  extent  is  hexamethonium.  Man  is  aiiparentlv  able  to  absorb 
Irom  the  intestine  5  to  10  per  cent  of  an  oral  dose  of  this  compound. 
l.e\ine  et  al.‘«-‘»  Jiaxe  noted  significant  absorjition  of  a  wide  variety  of 
similar  comjxninds.  No  satisfactory  explanation  for  the  absorption  of  these 
strong  bases  is  available  at  |)resent,  although  some  mechanism  other  than 
simple  dilhision  is  susjiected. 


MISCELLANEOUS  CIOMPOUNDS 

Nonelectrolvtes 

I  lie  water-soluble  sugars  and  jioh  hydric  alcohols  are  probably  ab¬ 
sorbed  either  by  diffusion  through  water-filled  channels  or  by  active  trans¬ 
port  (see  C.hapter  4).  In  the  rat,  the  jiore  si/e  is  ajiparentlv  large  enough 
to  admit  tetratols  and  jientatols  but  not  hexitols.^  I  here  are  many 
(ompounds  ol  small  molecular  weight,  such  as  ethanol,  which  probably 
are  absorbed  by  this  pore  route. 

Some  drugs,  such  as  trinitroglycerol.  are  nonelectroh  tes  with  such 
lipid  solubility  that  they  can  jienetrate  almost  any  cell  of  the  G.I.  tract. 
In  this  case  the  oral  mucosa  is  an  cfheient  organ  (or  absorption.  Com¬ 
pounds  such  as  CO2  are  both  small  and  lijiid  soluble,  and  therefore  jia.ss 
freely  across  cell  membranes.  See  a  review  on  absorption  by  the  stomach 
by  Karel.’"’ 

Large  molecules 

.Many  large  molecules,  such  as  proteins,  are  absorbed  by  the  normal 
adult  small  intestine,  but  only  in  minute  amounts  under  ordinary  condi¬ 
tions.  4  he  medianism  of  absorption  of  these  substames  is  entirely  un¬ 
known  although  a  variety  of  hyjiotheses  have  been  proposed  (see  Chap¬ 
ter  10). 

Ilejiarin,  which  is  a  polymer  of  glucosamine,  hexnronic  acid,  atul 
sulfate,-  is  normally  not  absorbed  to  a  measurable  extent  by  the  small 
intestine.  Loomis^'’  has  shown  that  small  but  measurable  absorption 
ocdirs  if  the  pi  I  of  the  lumen  is  rediued  to  1  or  2.  The  author’s  view 
was  that  snHi(ient  amounts  of  un-ioni/ed  species  are  present  to  enter  the 
epithelial  (ell.  Whether  or  not  the  explanation  is  (orrect.  the  experi¬ 
mental  findings  appeal  to  be  ( lear  (ut. 
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RECIRCULATION  OF  DRUGS  THROUGH  THE  (..I.  TRACT 

W  hen  a  drug  is  secreted  iti  one  jjart  ol  tlie  body  and  resorljed  in 
another  a  cyclic  process  results.  The  best-known  example  ol  this  phenom¬ 
enon  is,  ol  course,  the  secretion  ol  substances  in  the  bile  and  resorjjtion 
in  the  small  intestine.  Another  examjde  might  be  the  secietion  of  iodide 
by  the  sali\ary  gland  and  resorption  by  the  stomach  or  intestine.  Za- 
woiski  et  al.'^’'  ha\e  studied  anothei'  such  examj^le.  Mecaniylamine,  a 
basic  drug,  is  “secreted”  into  the  stomach  and  resorbed  by  the  small 
intestine.  Undoubtedly  this  occurs  in  the  cases  c)l  many,  if  ncjt  all,  weak 
bases  in  the  blood.  Ehe  secretion  of  weak  acids  in  the  alkaline  secretions 
of  the  jjancreas  and  the  bile  also  occurs  and  many  ol  these  compounds  are 
j)robably  resc:)rbed  in  the  small  intestine.  The  i ecircnlation  ol  ccjmpounds 
through  the  Ci.I.  tract  is  certainly  a  common  e\ent  and  is  ju'obably  much 
more  common  than  is  currently  believed. 


1. 

2. 

3. 

4. 

5. 


G. 

7. 

8. 

!>. 

10. 

II. 


12. 


13. 

11. 


I."). 


REFERENCES 


Bell,  P.  H.,  and  Roblin,  R.  ().,  Jr.:  .Studies  in  chemotherapy.  MI.  A  theory  of  the 
relation  of  structure  to  activity  of  sidfanilamide  type  compounds.  J.  .\m. 
Chem.  .Soc.,  6-/:290,5-2917,  1942. 

Charles,  .\.  F.,  and  Todd,  .\.  R.:  Ohser\ ations  on  the  structure  of  the  barium  salt 
of  heparin.  Riochem.  J.,  ?-/:  112-1 18,  1910. 

Curran,  P.  F.,  and  Solomon,  K.;  Ion  and  water  fluxes  iu  the  ileum  of  rats. 
J.  C;cn.  Phy.siol.,  •//:143-1G8,  19.57. 

C.old,  H.,  and  C.ivin,  H.:  (duconic  acid  as  a  urinary  acidifying  agent  in  man.  J.  Lab. 

Clin.  . Med. ,  27:1  139-1 140,  1939. 

Gold,  H.,  and  Zahm,  A  method  for  the  evaluation  of  laxative  agents  in  consti¬ 
pated  human  .sid)ject.s,  with  a  study  of  the  comparative  laxative  jrotencv  of 
fumaiates,  sodium  tartrate  and  magnesium  acid  citrate.  J.  .Am.  Pharm. 
(Scient.  Fd.),  ^2: 1 73-1 78,  1943. 

Cioodman.  L.  S.,  and  Cdlman,  .\.:  I  he  Pharmacological  Basis  of  1  herajreutics.  New 
5ork,  Fhe  Macmillan  Company,  19,58. 

Hober,  R.:  Physical  Chemistry  of  Cells  and  I  issues.  Chapters  13  k-  37.  Philadelphia, 
Fhe  Blakiston  Co.,  194.5. 


Hober,  R.,  and  libber,  J.:  Fxperiments  on  the  absor])tion  of  organic  .solutes  in 
the  small  intestine  of  rats.  J.  Cell,  k  Comp.  Physiol.,  /d:401-422,  1937. 

Hogben,  C.  .\.  M.:  |  he  alimentarv  tract.  Ann.  Rev.  Physiol.,  22:381-400,  1900. 

Hogben,  C.  A.  M..  .Schanker,  L.  S.,  4  occo,  1).  J.,  and  Brodie,  B.  B.:  .Absorption 
of  drugs  from  the  stomach.  II.  Fhe  human.  1.  IMiarmacol.  k  F.xper  Theran 
72d:540-545.  1957.  *  ’ 

Hogben,  C.  A.  M.,  Tocco,  I).  ).,  Brodie,  B.  B.,  and  .Schanker,  L.  S.:  On  the 
mechanism  of  intestinal  absorption  of  drugs.  J.  Pharmacol,  k  Fxper  Theran 
725:275-282,  19,59.  '  '  * 

Jacobs,  M.  H.:  .Some  asiiects  of  cell  permeability  to  weak  electrolytes.  Cold  Spring 
Harbor  Symposia  on  Ouantitative  Biology,  7f:.30-39,  1940. 

Karel,  L.:  Gastric  absorption.  Physiol.  Rev.,  2,9:433-450,  1948. 

Kelly,  R.  (,.,  and  Buyske,  I).  A.:  Metabolism  of  tetracvcline  in  the  rat  and  the  dog 
J.  1  harmacol.  k  Fxper.  I  herap.,  710:141-149,  1900. 

Kintcr,  M.  B.:  Autoradiographic  study  of  intestitial  transport.  Proc.  12th  \nn 
Conf.  Nephrotic  Syndrome  (ed.  Metcoff,  J.),  1901,  pp.  59-07. 


intestinal  absorption 

"■  i''"— i-Mina, 

it-fcicnce  to  I)cii/onu-t I  coinpoimds  with  special 

mcthohromide)  J  Idiarm'-tcol'"!.  .. 

fxomide  antrcnvlT^’  ?'  ’1"  P»iysiologicaI  disposition  of  oxyphenonin.n 

/T/:63^o/l95r  •  '  '  ‘“"’Po.mkIs.  J.  Pharn.acol.  Kxper.  I  heap.. 

^‘"''"nd  Ise^n  '‘"f  i''""ente  of  experimental  procedures 

•>en.o,netha.nine.  J.  Phar-nalol.  ..  F.xper.  Thera," 

^  of^^.ron'fum^T’pr  ‘'‘hsor,)tion 

ot  pioniums.  J.  1  harmacol.  c<x-  Lx|x>r.  rhera,).,  /?/:331-3lO  1961 

Phyii'i:  jj'ulSo','','., . .  ses. 

tiiLidar  excretion  of  organic  bases.  Pharmacol.  Rev  n  i-V-, 

Roh.se,  W.  (,.,  and  .Searle,  y\ .:  .\l)sor,)tion  of  choline  from  intestinal  loops 
in  dogs.  .\m.  J.  Physiol.,  7,S7: 207-209,  19.55. 

21.  Schanker,  L.  S.:  .Absorption  of  drugs  from  the  rat  colon.  J.  Pharmacol.  Fxper 
Therap.,  /26:283-290,  1959. 

Schanker.  L.  ,S.:  On  the  mechanism  of  al.sorption  „f  drugs  from  the  gastrointestinal 
tract.  J.  .\led.  &:  Pharmacol.  Chem.,  2:343-3.59,  I960. 

Schanker,  L.  S.:  .Mechanisms  of  drug  al).sor|nion  and  distrihution.  Ann  Rev 
Pharm.,  7:29-44,  1961. 

Schanker,  L.  S.,  and  Jeffrey.  J.  J.:  .\ctive  tran,s,K)rt  of  foreign  pvrimidines  across 
the  intestinal  einthelium.  .Nature.  London,  790:727-728.  1961. 

Schanker,  L.  S.,  Shore,  P.  .A.,  lirodie,  B.  B.,  and  Hoghen,  T.A.M.:  .Misorjition  of 
drugs  from  the  stomach.  I.  I  he  rat.  j.  Pharmacol.  &  F.xiicr.  I  heran  7'>0'5'>8 
539,1957.  1.  -  ..  .. 

Schanker,  L.  S.,  I  occo,  1).  J.,  Brodie,  B.  B..  and  floghen,  C..A.M.:  .Ah.sorption  of 
drugs  from  the  rat  small  intestine.  J.  Pharmacol.  Jv  F.xper  I  lierap  7M'81-88 

1958.  I  -  •  • 

.Schankei,  L.  S.,  and  I  occo,  1).  J.;  Actise  trans|)ort  of  .some  iivriniidines  across  the 
rat  intestinal  epithelium.  J.  Pharmacol.  &  Ex|)er.  rhera|>.,  72(9:115-121,  I960. 
.Shoie,  P.  .A.,  Brodie,  B.  B.,  and  floghen.  Cl.  A.  M.:  Ihe  gastric  .secretion  of  drugs: 

a  pH  ,)artition  hy,)othesis.  J.  Pharmacol.  &  F.x,)cr.  f  heraj).,  779:361 -.369,  1957. 
S|)erber,  I.:  .Secretion  of  organic  anions  in  the  formation  of  urine  and  bile.  Phar¬ 
macol.  Rev.,  77:109-134,  1959. 

1  ravell,  J.:  The  influence  of  the  hydrogen  ion  concentration  on  the  absorption 
of  alkaloids  from  the  stomach.  J.  Pharmacol.  Exjier.  I  hera,).,  <59:21-33,  1940. 
yVeiss,  P.  J.,  .Xndrew.  M.  I...  and  W  right.  W'.  W  .:  .Solubility  of  autibiotiis  in 
twenty-four  solvents:  Tse  in  analvsis.  .Vntiliiotics  &  Chemoiher.,  7:374  377, 
1957. 


18. 

19. 

20. 
21. 
22. 
23. 


25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 
31. 


35.  W  ilson,  I  .  H.;  Tnpublisht'd  olisersations. 

36.  W  ilson,  F.  ff.,  and  A'incent,  I  .  \.:  .Misorption  of  sugars  in  x'ilio  liy  the  intestine 

of  the  golden  hamster.  J.  Biol.  Clhem.,  27<5:8.5 1 -866.  19.55. 

37.  Zawoiski,  K.  J.,  Baer,  J.  F...  Braunschweig,  L.  5V.,  Paulson,  S.  F.,  Shermer,  .A.,  and 

Beyer,  K.  H.:  Ciastrointestinal  secretion  and  absorption  of  3-nicthvlamino 
isocamphane  hvdroi  hlori<ie  (mecamvlamine).  J.  Pharmacol.  &:  F.xper.  I  herap., 
722:442-418,  1958. 


Index 


Ahsoi  ptioii.  See  also  under  individual 
coin  pounds, 
human  tapacilv  for,  10 
inechanisins  of,  40  (53 
active  transport,  50  58 
mechanisms  of,  56-58 
of  electrolvtes,  55 
of  nonelectrolvtes,  53-55 
dilfusion,  facilitated,  58-60 
passive,  41-48 
lipid  route  of,  44 
of  weak  electrolvtes,  45 
]K)re  route  of,  41 
IK-rmeability  to  water,  48-50 
pincK  vtosis,  60-63 
routes  of,  hlood  vessels  as,  8 
lymphatic  vessels  as,  5-8 
Ahsorption  studies,  methods,  20-35 
in  vitro,  28-35 
circulation  methods,  29 
everted  sac,  32 
peifusion  of  hlood,  29 
tissue  accumulation,  34 
in  vivo,  21-28 

balance  method,  25 
C'.ori  method,  25 
intubation  method,  27 
lymphatic  cannulation,  24 
|)ortal  vein  cannulation,  23 
I  hiry  fistula,  21 
tied  loops  of  gut,  25 
\'ella  fistula,  21 
Acetamide,  43 
Acetanilide,  246,  217 
Acetic  acid,  245 
Acetslsalicslic  acid,  245,  247 
A(ti\c  tiansport.  ,50  58.  See  also  under  in¬ 


dividual  compounds, 
mechanisms  of,  56-58 
of  electrolytes,  55 
of  nonelectrolytes,  53-55 
•Adenosine,  205,  206,  207 
.Adenosine  deaminase,  206 
.Adenosine-5'-phosphate,  205,  206,  207 
•Adenylic  acid,  206 

•Alanine,  absorption  of,  114,  115,  117,  118, 
1 19,  121,  123,  124 

conversion  of,  from  a.spartic  acid,  57, 
127,  128 

from  glutamic  acid,  57,  127,  128 
•Alcohols,  ethanol,  252 
glycerol.  See  (ilycerol  and  Triglycerides. 
|>olyhydric,  252 

Amino  acid,  ahsorption  of,  basic  ])nm|)  for, 
52.  124,  125 

com|rarison  of,  in  kidnev  and 
intestine,  128-130 
neutral  pump  for,  52,  I  13-123 
N-suhstituted  pump  for,  52,  12(),  127 
absorptive  capacity  for.  10 
transamination  of,  57,  127,  128 
.\mino  acids.  See  under  individual 
compounds. 

fi.-.\minoi,sohutyric  acid,  120 
Aminoijyrine,  246,  247 
.\mylase,  70 

.\nastomatic  \es.sels,  abdominal.  21 
.\niline,  246,  247 
-\ntihic)tics,  bacitracin.  2.50,  2.51 
carhomycin,  250,  2.51 
erythromycin,  250,  251 
l>enicillin,  250,  251 
streptomycin,  250.  251 
tetracvcline,  250 
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Aiililxxlifs,  ahsoi ption  of,  in 
new  1)01  M.  52,  (il ,  212-217 
route  of  ahsoi  ptioii  of,  5,  213 
Viabinose,  51 
Argentaffiiic  cell,  1 
Arginine,  1  11,  121,  125,  129 
Ascorbic  acid,  221, 222 
Aspartic  acid,  absorption  of,  114,  121 
conversion  of,  to  alanine,  57,  127 
A  1  f’asc.  14 
Autoradiograph,  of  galactose  transpoi  t,  95 
of  methionine  transport,  15,  Ki 
of  thvniidine,  1 1 


Bacitracin,  250,  251 
Bacteria,  transport  in,  53,  55 
Barbital,  45,  245,  247 
Barbiturates,  barbital,  45,  245,  217 
barbituric  acid,  247 
butethal,  45 
hexethal,  45 
thiopental,  245,  247 
Barbituric  acid,  247 
Basic  amino  acids,  124,  125,  129 
Benzoic  acid,  245,  247 
Bicarbonate,  absorption  of,  52,  144-148 
effect  of,  on  sodium  chloride 
absorption,  141 

mechanism  of  transport  of,  147 
secretion  of,  in  colon,  52,  1  11,  145, 

146, 148 

in  ileum,  52,  144-148 
Bile  salts,  acti\e  transport  of,  52,  195,  19() 
enterohepatic  circidation  of,  195,  19<) 
role  of,  in  absorption,  of  cholesterol,  192 
of  fat-soluble  vitamins,  233 
of  triglycerides,  162,  163,  165 
Biotin,  221,  223 

Blood  capillaries,  as  route  of  al)Soiption, 
of  amino  acids,  8,  9,  111-113,  127 
of  shot  t-(  bain  fatty  acids,  171 
of  sugars,  8,  9,  73-75 
morphology  of,  3 
rate  of  flow  in,  9 
Botulinus  toxin,  213 
Bromphenol  blue,  245 
Butetiial,  45 
Butyric  aciii,  171 


(adcium,  absorption  of,  1  18-150 

effect  of  gut  location  on,  52,  149 
effect  of  parathvroid  on,  150 
see  retion  of.  1  18 

Capillaries.  See  /Slnixl  t (tfnlhn irs  and 
Ia  in I'fintir  ( iijiillin  it  s. 


(an  bohydrates.  See  nndei 
Sugars  and  Starch. 

(.arbomycin,  2.50,  251 
Carotene,  235,  236 
(^artenoids,  197 

Carrier-mediated  transport,  58-60 
Castor  oil,  158 
{.athartics,  citrate,  48 
fumarate,  247,  248 
magnesium,  246-248 
|)h()si)hate,  48,  247,  218 
sulfate,  48,  216-218 
tartrate.  247,  248 
(A-llulose,  70 
C.ephalin,  199 
Cet\l  alcohol,  176 
Chimyl  alcohol,  176 
C4iloride,  active  tianspoi  t  of, 
in  absorjJtion,  52,  13()-144 
in  secretion,  52,  141 
passive  diffusion  of,  55.  56,  136-144 
effect  of  solvent  drag  on,  50 
C  Cholesterol,  190-195 

ahsoiption  of,  delay  in,  191 
effect  of  other  lipids  on,  193 
rate  of,  190 
role  of  bile  in.  192 
role  of  esterification  in,  193 
role  of  lipase  in,  192 
route  of,  5,  191 
absor|>tive  capacity  for,  H) 

Cholesterol  esterase,  193 
(Cholesterol  esters,  170,  193 
(Choline,  221, 250,  252 
(Chvlomicra,  cholesterol  in,  195 
fatty  acid  in,  1  70 
|)hosi)holipid  in,  170,  200 
triglvceride  in,  1 70 
vitamin  in,  235 
(Chvluiia,  lipid  ahsoiption  in, 
of  c  holesterol,  190 

of  phospholipids,  200 
of  triglvcerides,  1()9,  170 
(Citrate,  48 
(Citrnlline,  121 

(Colchicine,  effect  on  cell  turnover  of,  13 
(Colloidal  gold  ahsoiption  in  newborn.  216 
(Colon,  ab.sorption  liy.  of  l)ai  liitnates,  14,45 
of  ions,  55,  5().  136,  138,  140,  145.  I  1(> 
fattv  acid  metabolism  of,  KiO 
secretions  of,  1  15,  1  tti 
(Colostrum  proteins,  213 
(Cori  method,  25 
( Cl  eat  ini  lie,  50 
(Crsptsof  l.ieberkiihn,  1 
Cystine,  1  1  I.  124.  125,  129 
C.Nstinui  ia,  amino  ac  id  ahsoiption  in.  12-1, 
125,  129 

( t idinc-,  205,  206 
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Cvtidine-S'-pliosphatc,  205 
Civtosinc,  205,  200,  208 


Darstine,  210 
Detanoic  acid,  100,  171 
I  Deoxyglucosc,  84,  80-90 
O-Deoxyglucosc,  81,  84,  89,  90,  91 
Diet,  effect  cif,  on  amino  acid 
transport,  97 

on  cell  turnover,  1,8 
on  sugar  transport,  97 
Differential  permeability,  57 
Diffusion,  facilitated,  58-00 
passive,  41-48 
lipid  route  of,  44 
pore  route  of,  4 1 

Digestion,  of  carbohydrates,  70-73 
of  cholesterol  esters,  193-195 
of  nncleic  acids,  204-209 
of  phospholi|rids,  198-200 
of  proteins,  110-113 
of  triglycerides,  100-108 

extent  of  hvdrolvsis  in,  105-107 
fecal  fat  in,  107,  108 
role  of  bile  in,  105 
role  of  lipase  in,  100-108 
Diglyceridc,  104,  172,  173,  175 
1)  i  h  \  (1  roch  oles  tcrol ,  1 94 
Dihvdroxyacetone  phos])hate,  172 
Diodrast,  250 

\-Dimethylglvcine,  119,  120,  129 
Disea.ses,  human.  See  Hiunan  disease  or 
condition. 

Dnodennm,  absorption  from, 
of  calcium,  149,  150 
of  fluid,  130 
of  iron,  151 
of  triglycerides.  159 
.secretions  of,  134,  135 

Klaidic  acid,  108 
F.lectrical  potentials  in  ion 
transport,  52,  55,  56,  139-141 
F.lectrolvtes,  134-153 
calcium,  52,  148-150 

effect  of  parathyroid  on,  150 
effect  of  vitamin  D  on,  149,  150 
secretion  of,  148 
hydrogen  ion,  52,  144-148 
in  colon,  145,  140,  148 
in  .secretions,  52,  1  15 
in  vitro  studies  of,  147 
mechanism  of  trans|)ori  of,  1  17 
iodide,  52,  148 
iron,  52 

daily  reciuirement  for,  150 
di-  vs.  trivalcnt  ions  of,  150,  151 


in  vitro  studies  of,  151.  152 
magnesium,  152 

phosphate,  eflect  of  calcium  ou,  1.52 
effect  of  pH  on,  152 
sodium  chloride,  actise  transport 
of,  52,  55,  .50,  1.38-142 
effec  t  of  colloid  osmotic 
inessureon,  139 

effect  of  gut  location  on.  135,  1,30 
elfect  of  mercurials  on,  1  f.3 
effect  of  x-ii  radiation  on,  144 
flux  measurements  of,  55,  50,  139-142 
in  colon,  138,  140 
passive  dilfusion  of,  138,  141 
potential  measurements 
of,  55,  ,50,  139-142 
strontium,  52,  152 
sulfate,  52,  152 

Flectronmic roscopy  of  intestine. 

in  study  of  lipid  absorption,  177-179 
of  normal  morphology,  2-5 
of  particulate  absorption,  02 
of  protein  absorption,  01,  210 
Fndocrine  glands,  adrenals,  effect  on 
protein  absorption  of,  215 

effect  on  sugar  transport  of,  98,  99 
parathyroid,  effect  on  calcium 
transport  of,  150 

thvroid,  effect  on  sugar  transport  of.  98 
Endocrine  secretions,  insulin,  effect  of. 
on  sugar  transport,  98 
sex  hoiinones,  effect  of.  on  sugai 
transport,  98,  99 

vasopressin,  effect  of,  on  osmotic  How 
in  .skin,  .50 

Fndoplasmic  reticulum,  cvtojrlasmic 
ba.sophilia  of,  13 
in  fat  absorption,  177 
morphology  of,  3,  4,  13,  14 
Fnterohepatic  circulation, 
bile  .salts  in,  195,  196 
cholesterol  in,  191 
cortisone  in,  191 
drugs  in,  253 
progesterone  in,  191 
testosterone  in,  191 
Enzymes.  SeeHydroIvtie  enzymes. 
Fphedrine,  246 

Epithelial  cells,  maturation  of.  13-17 
turnover  of,  11-13 
ultrastructure  of,  in  fat 
absorption.  177-181 
in  protein  absorption.  61 , 216 
normal,  4,  ,5 
Ergosterol,  191 
Erythritol.  13 

Erythrocvte,  fac  ilitated  diflusion  of, 
as  glucose.  59 
as  glycerol,  50 
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K.i  vthroinyc  ill,  25D.  Ii5l 
l•.t^la^ol,  252 
Kvcrtecl  sac  method,  52 
Kxthaiige  dilfiision.  See  htcililaled 
diffusion. 

Facilitated  diHusioii,  in  intestine, 

59,  91,  128 
of  erythrocytes,  58-69 
fat.  See  P/insfilinlif)id  and  Trif^lxcerides. 
lattv  acids.  .See  also  under  individual 
coinponneis. 

as  product  of  triglyceride 
hydrolysis,  161-167 

conversion  of,  to  triglvcerides,  52,  172-175 
role  of,  in  cholesterol  ahsorption,  19.5 
Fecal  fat,  167 

Fetal  intestine,  ahsorption  in,  ellect  of 
anaerohiosis  on,  55.  54 
of  amino  acids,  55 
of  proteins  60,  61,  212-217 
of  sugars,  55 
Folic  acid,  221, 225 
Fructose,  15,  91-94 
conversion  of,  to  glucose,  57,  91-91 
conversion  of,  to  lactate,  57,  86,  92-94 
Fnmaric  acid,  247,  248 


(.a lactose,  76-80,  84,  89 
Cialactosidase,  12,  72 
(tamma  glohnlins  in  newhorn,  52.  212-217 
(.astric  ahsorption,  of  llnid  and 
electrolytes,  155 
of  nonelec  troly  tes,  252 
of  penicillin,  250 
of  strychnine,  2 1 1 
(.enetic  diseases  in  man, 
cystinnria,  124.  125,  129 
Hai  tnnp  s  disease,  1 29 
lac  k  of  glycosidases,  75 
( .Inconic  acid,  217 
(.Incose,  ahsorption  of,  ellec  t 
of  diet  on,  97 

ellect  of  gut  location  on.  76 
effec  t  of  hormones  on,  98 
effect  of  ions  on,  85 
human  capacity  for,  10,  76 
inhibitors  of,  dinitrophenol  as,  81 
iodoacetatc  as,  79,  80 
ph lori/in  as,  80 
kinetics  of,  85 
location  of,  in  cell,  95-97 
mechanisms  of,  coupling  with 
sodium  pump,  101 
mntarotation  as,  100 
phosphorvlalion  hvpothesis  as, 

99.  100 


portal  route  for,  75 
chemical  form  of,  in  portal  hlood,  75 
concentration  gradients  of.  81 
conversion  of  fructose  to,  92 
conversion  to  lactate,  57,  75,  85.  8(i 
(.Intamic  acid.  11  1,  115,  121,  127,  128 
conversion  of,  to  alanine,  57.  127 
(.lyceraldehyde,  44 

(dycerides,  as  diglycerides.  161,  172-175 
as  monoglycerides.  164,  172-175 
as  triglycerides,  158-182 
(dvcerol,  as  glvceride  givcerol,  166,  167, 
1 72,  175 

as  product  of  triglyceride  hydrolysis.  161 
utilization  of,  166,  172.  175 
i.-„-(dycerophosphate,  172 
Glycine,  114,  117,  119,  121,  125,  124,  129 
(dycine  peptides,  1 15 
Glycosides,  transport  of,  86-88 
Goblet  cell,  1 
Cdianine,  205,  207,  208 
(dianosine,  205,  207,  208 
(.nanosine-5'-phosphate,  205-207,  208 


Flat  tnnp’s  disease,  129 
Ffeparin,  252 
Hexamethoninm,  252 
1  lexethal,  45 

Histidine,  97,  111-116,  118,  I  19.  122,  125 
Histochemistry,  cytoplasmic  ha.sophilia,  15 
esterase,  14 

succinic  dehydrogenase,  15 
Histology  of  intestine,  1-7 
Hormones,  adrenals,  effec  t  on 
protein  ahsorption  of,  215 

effect  on  sugar  transport  of,  98 
insulin,  effect  of,  on  sugar  transien  t,  98 
|)arathvroid,  effect  of,  on  calcium 
transport,  1.50 

sex  hormones,  effect  of,  on  sugar 
transport,  98,  99 

thyroid,  effect  of,  on  sugar  transport,  98 
vasopressin,  effect  of,  on  osmotic 
flow  in  skin,  50 

Human  disca.se  or  condition,  cirrhosis.  75 
chyloperitoncnm,  169 
chylothorax,  169 
chyluria,  25,  170 

congenital  bile  salt  dehcicncy,  165 
congenital  lack  of  carhohydrases,  73 
cystinuria,  124,  125,  129 
elephantiasis,  25 
Hartnup’s  disease,  129 
pancreatic  insufficienev,  162,  165 
pet  nic  ions  anemia,  221-227 
portal  hypertension,  21,  75 
sprue,  160 
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Hydrogen  ion,  at)soi|;iion  of,  52,  1^5, 

1 4(i  1^8 

setretion  of,  52,  145 
Hydrogen  ion  concentration,  effect  of, 
on  absorption  of  weak 
electrolytes,  45,  242 
Hydrolytic  enzymes,  adenosine 
deaminase  as,  20() 
amylase  as,  70-72 
A  l  l’ase  as,  14 

cholesterol  esterase  as,  193-195 
cytidine  deaminase  as,  20(i 
esterase  as,  14 
invertase  as,  12,  72,  73 
lactase  as,  12,  73 
leucine  aminope|)tidase  as,  14 
lipase  as,  160-165 
lysophosphatidase  as,  199 
maltase  as,  72,  73 
nuclease  as,  204 
nucleosidase  as,  204 
nucleoside  pliosphorvlase  as,  205 
nucleotidase  as,  204-208 
oligo- 1 , 6-glncosidase  as,  72 
peptidase  as,  12,  113 
phosphatase  as,  12,  14,  15,  73,  199 
phosphatidase  as,  198,  199 
phosphodiesterase  as,  199,  204 
pi  oteolytic  enzymes  as,  215 
xanthine  oxidase  as,  206-208 
Hvdroxyproline,  126,  127,  129,  130 
p-Hydroxypropiophenone,  245.  247 
Hypoxanthine,  205-208 
as  inhibitor  of  thvmine  transport,  209 

Itihihitors  of  absorption 
See  also  iiulividnal  compounds, 
of  amino  acids,  cyanide  as,  117 
deoxypyritloxine  as,  119 
dinitrophenol  as,  117 
(Inoroacetate  as,  118 
penicillamine  as,  1 19.  120 
of  sugars,  anaerohiosis  as.  81 
azide  as,  81 
copper  as,  81 
cyanide  as,  81 
tiinitro[>henol  as,  81 
finoroacetate  as,  81 
iodacetate  as,  79 
malonate  as,  81 
phlorizin  as,  79-81 
nraninm  ion  as,  81 
Inosine,  205-207 
Insnlin,  217 

Intestine,  morphologs  of,  1-9 
Intrinsic  factor,  absorption  of,  229 
assay  method  for,  225,  226 
pnriluation  of,  226 


tole  of,  in  Hj,,  absoiption,  225-233 
site  of  j^rodnction,  22() 

Intubation,  in  human,  27,  28 
Innlin,  44,  70 
Invertase,  12,  72 
In  vitro  ab.sorption  studies, 
methods  for,  28-35 
circtilation  methods,  29 
everted  sac  as,  32-34 
perfusion  of  blood  as,  29 
tissue  accumulation  as,  34 
In  vh'o  absoiption  st tidies,  21-28 
balance  method  of,  25 
Clori  metfuKl  of,  25 
intubation  methods  of,  27 
lymj>hatic  cannulation  in,  24 
portal  vein  cannulation  in,  23 
I  birv  fistula  in,  21 
tied  loops  of  gut  in,  25 
\'ella  fistula  in,  21 
Iodide,  absorption  of,  52,  148 
effect  of  gut  location  on,  52 
Iron,  absorption  of,  effect  of  gut 
location  on,  52 

absorjjtive  capacity  in  man  for,  10 
dailv  recpiirement  of,  150 
divalent  vs.  trivalent  ions  of,  150,  151 
in  vitro  studies  of,  151,  152 
Irrarliation,  effect  of,  on  cell  turno\er,  13 
on  soditim  chloride  transport.  1  11 
Isolencine,  117,  121 


Kidney  transport  systems,  for 
amino  acids,  122.  128-130 
in  cystinuria,  124,  125,  129 
in  Hartnn|}’s  disease,  129 
phosphorylation  hypothesis  for 
glucose  transport  in,  79,  99-100 
Kinetics  of  transport,  of  amino 
acids,  117,  123 

of  sugars,  83,  84,  90 
K,,  for  amino  acids,  1 17,  123 
for  sugars,  83.  84.  90 


I.actamide,  43,  45 
l  actase,  12,  72 

lactic  acid,  differential  iiermeabilit v  of 
cell  to,  57 

lole  of,  in  fructose  absoriition,  57  8() 
91  93  ■  -  . 

in  gltuose  absorption,  57,  75,  85.  86 
Lactose.  44,  70 
1-atex.  62,  176,  181.  182 
I.etithin,  198 

l.eiuine,  114,  117,  121 ,  123 
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Lipase,  gastric,  KiO 
intestinal,  Kili 
pancreatic,  KiO-Kvl 
specificity  of,  KH 

Lipids.  See  iiuli\  idnal  compounds, 
l.ondon  cannida,  1^3 
in  study  of  amino  aciii  ahsorption,  1 1 1 
Lympliatic  capillaries,  as  route  of 
absorption,  of  cholesterol,  ,*),  8,  DO,  191 
of  fat,  5,  8,  169-172 
of  protein,  5-8,  24,  213 
collateral  vessels  of,  8,  24 
How  rate  of,  9 
morphologv  of,  3 
Lysine,  1 14,  121,  124,  125,  129 
Lysophospliatidase,  199 

Magnesium,  152,  248 
Malomide,  43,  45 
Maltase,  72 
Maltose,  70-72 
Mannitol,  50 
Mannose,  43 

.Maturation  of  epithelial  cells,  13-17 
.Mecamylamine,  246 
Nfenadione, 233,  235 

Mercurials,  effect  of,  on  sodium  chloride 
absoiption,  143 

5retabolism,  ei)ithelial,  in  lactate 
production,  57,  75,  85,  86,  91-93 
of  amino  acids,  aspartic  acid,  127,  128 
glutamic  acid,  127,  128 
methionine,  14 
of  carotene,  235,  236 
of  fatty  acids,  168-172 
of  fructose,  57,  91-94 
of  monoglyceritles,  175 
of  phosphate,  1 1 
of  thymidine,  12 
Methionine,  114,  115,  117,  118,  120,  121, 
125 

3-0-Methylglucose,  81, 84,  86-88 
^-Methylglucoside,  87,  88 
Michaelis-5fenten  kinetics,  of  amino 
acids,  117,  123 
of  sugars,  83,  84,  90 
Microsomes,  175 
Microvilli,  locali/ation  of 
en/ymes  in,  15,  73 
structure  of,  2 
Miller-.Ahbott  tidje,  27 
Monoglyceride,  164,  172,  173,  175 

.Ventral  amino  at  id  transport,  1  13-123 
effett  of  gut  lot  at  ion  on,  52 
in  ffartnup’s  disease,  129 
methanism  of,  123 


Vewhorn  animal,  amino  acid 
transptn  t  in,  54 

protein  al)st)rption  in,  60-63,  212-217 
N'itt)tinamitle,  221,  223 
.Vitroaniline,  2 16,  247 
o-\itrohenzt)ic  acid,  245 
Xitrosalicylic  acitl,  46,  245 
N  uclease,  201 
Nucleic  acitls,  204-210 
ahstuption  of,  208-210 

pyrimitline  transptu  t  in,  209 
hytlrt)lysis  of,  204-207 
production  t)f  rihttse  in,  207 
l)urine  nut  lct)titles  in,  206,  207 
pyrimidine  uucleotitles  in,  205,  20(i 
Nucleositlase,  204-208 
-Vucleositle  phospht)rylase,  .56,  57,  205,  207 
Nucleosides,  56,  205-208 
Nucleotidase,  73,  204-207 
.Nuclet)titles,  204-207 


Octanoic  acid,  171,  175 
Oleic  acitl,  158,  163,  169-171 
Ornithine,  121,  124,  125,  129 
Ostreasterol,  196 


Palmitic  acitl,  158-160,  165,  169,  171, 
173-175 

Pancreas,  effect  t)f  remtnal  of,  162,  192 
secretions  t)f, 

atnylase  as,  71 ,  72 
t  lu)lestert)l  esterase  as,  192 
lipase  as,  KiO- 164 
vt)lume  of,  135 
Paneth  cell,  1 

Pantt)lhenit  acitl,  221, 223,  224 
Paraffin,  1 76 

Particidate  ahsorption,  47,  (iO  63,  17(i,  181 
of  inst)luhle  tlyes,  61 
of  latex  spheres,  62,  176,  181,  182 
t)f  lipitl,  181 
Passive  tlilfusion,  41-48 
lipitl  rt)ute  t)f,  4  1 
pt)ie  rtuite  of,  4 1 
Penicillamine,  119,  120 
Penicillin,  250,  251 
Pentose,  44,  76 
Peptitlase,  12,  14,  1  13 
Peptitles,  111-113 

hytlrolysis  of,  in  gut  lumen,  113 
pi  I,  effect  t)n  ahst)rption,  45-47,  212-245 
Phent)l,  245,  217 
Phenol  retl,  18,  245,  250 
Pheinlalanine,  111,  115,  117,  118,  122 
Phenvlhuia/one,  215,  217 
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i’liloi  i/in,  C'licct  of  .  on  sugar  tiansporl, 
(iO,  79-81 

pliosplioi ylalioM  hypotlicsis  ami,  99 
struc  t  lire  of,  80 

IMiosjiliatase,  destpiainated  e])itlicliuui 
as  source  of,  12 

ill  digestion  of  |iliosplioli|)itls,  1 99 
location  ill  cell  of,  I  1,  ITi,  7‘? 

I’liospliate,  alisorptiou  of,  eilect  ol 
(alciuiii  on,  152 

effec  t  of  |)H  on,  152 
as  cathartic,  18.  2  l()-2 18 
i’liospliatidase,  198 
IMiospliatidic  acid,  ;is  liypolliesis  loi 
sodiuiii  transport,  58,  59 
in  triglyceride  synthesis,  172,  175 
l’hos|)hatidvl  ethaiiolaiiiiiie,  199 
Phosphodiesterase,  199,  201 
Phospholipid,  ahsorption  of,  198,  199 
hydrolysis  of,  198,  199 
in  chyle,  170,  199 
role  of,  in  triglyceride 
ahsorption,  170,  173-175 
Phosphorylation  hypothesis  for 
sugar  ahsoi'iition,  99 
Phytosterols,  196,  197 
Pinoevtosis,  60-63,  181, 215-217 
in  fat  ahsorption,  62.  177-182 
in  irarticle  ahsorption,  62 
in  protein  ahsorption,  61, 212,  215-217 
Polyethvleneglvcol,  17,  159 
Polyhydric  alcohols,  252 
Polyvinylpyrrolidone,  2M 
Pore  size,  1 1,  212 

Portal  vein,  as  route  of  ahsorption,  8,  9 
of  amino  acids,  111-113 
of  fatty  acids,  171 
of  sugars,  71 
hlood  flow  in,  9 
ca  nil  Illation  of,  23 
studies  of,  in  humans,  21,  75 
Potassinm  ion  secretion,  eilect  of  gut 
location  on,  52 

Proline,  11  1,  126,  127,  129,  1.30 
Proteins,  ah.sorption  of,  in  adult 
animals,  217 

in  newhorn  animals,  til .  21 2-21 7 
duration  of,  215 
eilect  of  gut  location  on,  52 
histological  changes  of,  61, 215,  216 
mechanism  of,  61,  215,  216 
route  of,  5,  213 
specificity  of,  21  1 
hydrolysis  of,  in  lumen,  1 1  1 
in  diet,  I  10 
Pyridoxal,  I  1 9 
Pyridoxine,  11*),  121 
Pyrimidine  phosphors lase,  207 


Pyrimidine  transjrort,  209,  210 
eilect  of  gut  location  on,  52 
Pyruyate  ])rocluction,  57 

<)uininc,  16,  216 

Radioautograph,  of  galactose 
transport,  95 

of  methionine  transport,  15,  16 
of  llninidine,  I  I 

Regeneration  of  epithelium,  II  13 
Rihoflayin,  221-223 
Riho.se,  ahsorption  of,  207,  208 
as  product  of  nucleoside 
hydrolysis,  56,  205-208 
Riho.se- l-phosjrhate,  as  product  of 
nucleoside  hydrolysis,  56,  205-208 
Ricinoleic  acid,  158 

.Salicylic  acid,  245,  247 
Sarcosine,  119,  126,  129 
Secretions,  bicarbonate  concentration 
of,  52,  145 

calcitim  content  of,  1  18,  149 
from  digestive  glands,  135 
hydrolytic  enzymes  of.  See  Hydroixiir 
enzymes. 
jjH  of,  145 

protein  content  of,  I  1 0 
Serine,  121 
Sitosterol,  196,  197 
Sodium  chloride,  136-144 

active  tratisport  of,  52,  55,  56,  138-1  12 
effect  of  ccrlloid  osmotic  ])rcssurc 
on, 139 

effect  of  mercurials  on,  1  13 
effect  of  x-irradiation  on.  144 
flux  measurements  of,  55.  .56,  139-1  12 
in  colon,  56,  1 38,  140 
pa.ssive  diffusion  of,  138,  141 
potential  measni ements  of,  55,  56, 
139-142 

Solvent  drag,  49,  50 
Sorbose,  42 
Sprue,  160 
Starch,  44,  70-72 

Starvation,  eilect  of,  on  amino  acid 
transport,  97 
on  cell  turnoyer,  13 
on  sugar  transport,  97 
Stearic  acid,  1.58,  169,  175 
Steatorrhea,  51 ,  163 
Stereospecilicity  of  transport,  of 
amino  acids,  114-116,  118 
of  sugars,  88 
Stigmasterol,  197 
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Stomach,  ahsoi ptioii  from,  of 
nonclcctrolv  tes,  2r>'^ 
of  penicillin,  250 
of  strychnine,  214 
of  water,  135 
secretions  of,  135 

fluid  and  electrolytes  as,  135,  253 
intrinsic  factor  as,  220 
lipase  as,  100 

s<Hlinin  and  chloride  as,  1  12 
Streptoinvein,  250,  251 
Strontinm,  52,  152 
Strychnine,  24  1 
Snccinainidc,  43,  45 
Succinic  dehyrogenase,  14,  15 
Snccinvl  snlfathia/ole,  21H,  210 
Sugars,  09-102 

ahsmption  of,  concentration 
gradients  in,  81 
effect  of  diet  on,  97 
effect  of  hoi  inones  on,  98 
effect  of  gilt  location  on,  70 
effect  of  ions  on.  85 
hydrolytic  en/vnies  in,  71 
inhibitors  of,  dinitrophenol,  81 
itxlacetate,  79 
phlorizin,  00,  79-81 
kinetics  of,  83 

lactic  acid  formation  in,  57,  85 
localization  of,  in  cell,  95-97 
mechanisms  of,  coupling  with 
sodium  pnm]>,  101 
mntarotat  ion,  100 
|5hosphorvlation  hypothesis,  99 
portal  route  of,  73 

chemical  form  of.  in  portal  vein,  75 
fructose,  conversion  of,  to  glucose,  92 
to  lactate,  57.  75,  91 
in  diet,  69 

xylose,  absorption  of,  43.  51,  59,  76, 
85,  94 

Snlfagnanidine,  217-249 
Snlfamerazine,  248,  249 
Snlfanilamide,  247-249 
Sulfate,  as  cathartic.  48,  218 
transport  of,  52,  152 
Snlfathiazole,  248,  219 
Snlfonamides,  247-219 

snccinylsnlfathiazole.  218,  219 
snlfagnanidine,  217-249 
snlfamerazine,  248,  249 
snlfanilamide,  247 
snlfathiazole,  218,  219 
5  Snlfosalicvlic  acid,  215 


I  artaric  a<  id.  217,  218 
'l  ensilon,  2 16 

I  ctraethvlammoninm,  216,  250 


I  heohromine,  217 
I  heophvlline,  2 16,  247 
I  hiamine,  221-223 
I  hiopental,  245.  247 
I  hiry-\'ella  loop,  as  permanent 
intestinal  fistula,  21-23 
in  humans,  23 
secretions  from, 

pH  and  total  (!().,  of,  1  15 
volume  of,  12 

I  horacic  duct,  as  I'onte  of  absorption,  5-7 
for  (  holesterol,  5,  8,  190,  191 
for  fat,  5,  8,  169-172 
for  protein,  5-8,  24,  213 
cannnlation  of,  24,  25 
in  man,  25 
in  rats.  24,  168 
effect  of  ligation  on,  8 
flow  rate  in,  9 
I  h leonine,  114,  121 
I  hymidine,  205 
I  hymidine-5'-phos|>hate,  205 
I  hymine,  as  hvdrolvsis  |)rodnct 
of  nucleotides,  205 
transport  of,  209,  210 
I  hvroxine  analogues.  57 
F  issile  accnmnlation  method,  31 
l  oad  bladder,  57 
l  oad  skin,  49 
p-  I  ohiidine,  246,  247 
I  ransarnination.  127,  128,  130 
I  lansjxn  t  systems,  hxation  of,  52. 

See  also  under  Absorption,  Aclivr  trans¬ 
port,  Triglycerides,  Sugars,  1'itainins, 
;nid  Kidney  transport  systems. 

I  riglycerides,  158-182 
absorption  of.  capacity  in  man  for,  10 
effect  of  gnt  location  on,  52 
fjVjnphatic  route.  5,  160-172 
ihjjesrion  of,  in  lumen, 
extent  of  hydrolysis  of,  165-167 
origin  of  fecal  fat  in,  167,  168 
role  of  bile  in,  165 
role  of  lipase  in,  160  165 
eniraiSce  into  cell,  medianism  of,  180  182 
hv  diffusion,  182 
hv  pinocytosis,  181 

exit  from  cell,  mechanism  of,  180  182 
site  of.  158-165 

metabolism  in  epithelial  cell, 
fate  of  fatty  acids  in.  168-172 
of  mono  to  triglyceride,  175 
triglyceride  svnthesis  in,  172  175 
morphological  ctianges  in,  176  180 
particulate  absorption  of,  167 
I  rinitroglyi erol,  252 
I  romexan,  2 15 
I  rypto|)han.  11  1,  118,  122 
Ivrosine,  111,  118,  119,  121.  122 
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l  iacil,  as  Iiydrolysis  protiucl  of 
luicleotick's,  205-208 
lraiis|>ort  of,  200,  210 
l.'rca,  43,  50 
i:ric  ac  id,  205-208 
I’ridine,  205-307 
L  ridiMe-5'-plu)S[)hate,  205,  200 


X'aline,  1 17,  121,  123 
X'ella  loop.  21-23 
X'illi,  morphology  of.  1  8 
\  itamin  A,  105,  233  230 
X'ilamin  14^.  110,  221 
N'itamin  221-233 

al)Sor[;tioM  of,  capacity  for,  in  man,  10 
clcday  in,  220,  230 

intiiiisic  factor  in,  of  ahsorption  of, 

220 

assay  for.  225,  220 
purification  of,  220 
role  of,  225-233 
site  of  production  of,  220 
mechanism  of,  230-233 
site  of,  52,  227 

s]iecies  ditferences  in,  227,  228 
in  diet,  222 
structure  of,  221 


X'itamin  I),  ahsorption  of,  233,  234 

elfect  of,  on  calcium  ahsoiption,  140,  150 
X'itamin  K,  233,  234 
X'itamin  K,  233-235 
X'itamins.  See  also  under  individual 
vitamins. 

fat -.soluble,  233-230 
\vatcr-solid)le,  220-233 

W'atei  ,  48-50,  130  143 

hulk  flow  of,  40,  50,  142,  143 
deuterium  oxide  experiments  with  ,40 
hnman  alxsorptive  capacity  for,  10 
mechanism  of  movement  of,  48  .50, 

142, 143 

memhrane  pei  ineahility  to,  48-50 
solvent  drag  of,  40,  .50 

Xanthine,  205-207 
Xanthine  oxidase,  200-208 
X-irracliation,  effect  of,  on  cell 
turnover,  13 

on  sodium  chloride 
transport,  144 

Xvlose,  ahsorption  of,  43,  51,  76,  85 
facilitated  diffusion  of,  50,  04 
tissue  accumulation  of,  81 
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